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Abstract 
This thesis presents the fabrication of biodegradable polymer blends and 
composites with the assistance of ionic liquids. The work can be divided into 
four parts, including the preparation and characterization of 
cellulose/polycaprolactone (PCL) blend films, cellulose/Poly (ε-caprolactone) -
block- poly (dimethyl siloxane) -block- poly (ε-caprolactone) triblock 
copolymer (PCL-PDMS-PCL) blend films, cellulose/ Poly (vinyl alcohol) 
(PVAL) blend films and cellulose/clay composite films. An efficient and 
feasible approach of reducing plastic pollution was developed in this research. 
The existence of hydrogen bonding interactions between the components of the 
cellulose-based blends and composites were studied via FTIR techniques. And 
it is confirmed that there are hydrogen bonding interactions between cellulose 
and PCL, PCL-PDMS-PCL and PVAL at certain compositions. Its effect on 
the phase behaviours with varying compositions and crystallization were also 
investigated with the assistance of DSC machine. It is believed that these 
hydrogen bonding interactions are the driving force for the appearance of 
miscibility between blend components. Tensile properties and thermal stability 
were also affected. In addition, surface and section morphologies were 
observed via SEM and digital camera. Furthermore, WAXD and DSC 
techniques were also used to learn the influence of inter- and intra- molecular 
interactions between polymer components on the crystalline structure and 
crystallization kinetic of the final blends. Biodegradability was verified by soil 
degradation experiment and weight loss was observed after one month for the 
testing samples. 
The influence of ionic liquid structure, organic modifier structure of 
montmorillonites and montmorillonites contents on the final morphologies and 
properties of cellulose/clay composites were investigated as well. Two 
populations of clay intercalation were obtained through the bimodal nature of 
SAXS patterns. The d-spacing data were used as index to describe the 
intercalation degree of the clay platelets. Hydrophilic and big size organic 
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modifiers are good for cellulose to penetrate into clay gallery. The anion 
portion of the ionic liquids played more important role than the cation 
counterparts on determination of the final cellulose/clay composite morphology 
and properties.  Furthermore, the clay content in the cellulose/clay composite 
films also affects their thermal stability and tensile properties. 
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Chapter 1 Introduction 
As we all know, our common home, the earth is suffering a lot through diverse 
kinds of pollution and abuse. The movie 2012, although a riotous action-
extravaganza, depicts human beings real anxiety about our environment. 
Sustainable development, reducing demand on mineral resources and waste 
reduction are tremendously interesting topics in the 21st century. Currently, 
petroleum based products give the vast quantity and importance to our daily 
life. However, petroleum resources are not infinite; Major polymers derived 
from this resource cannot biodegrade and are not renewable on the scale of 
hundreds of years. In polymer field, bio-based or biodegradable polymers, their 
blends and composites can potentially offer great opportunities for researchers 
and scientists to produce environmental benign materials with enhanced 
properties.  
1.1 Significance  
Cellulose is a natural polymer that is abundant in quantity on earth. It exhibits 
high hydrophilicity and tensile strength. Moreover, it undergoes automatic 
biodegradation under natural environment condition. The existence of hydroxyl 
groups in cellulose molecule provides important and fascinating properties to 
cellulose modification and application. The study of cellulose-based polymer 
blends and composites suggests an alternative approach to avoid plastic 
pollution and establish sustainable development of polymer manufacture. 
Moreover, the conventional solvent systems for handling cellulosic materials 
are mainly volatile, toxic and hard for recycle and reuse. In this thesis, ionic 
liquids were served as efficient solvent for cellulose-based blends and 
composites. They are able to recycle in high yielding and can be reused as 
solvent again, which also helps the green development of cellulose-based 
biodegradable materials.   
2 
 
1.2 Aims and Objectives 
This thesis aims to prepare cellulose-based biodegradable polymer blends and 
composites from ionic liquids with the driving force of environmental friendly 
concerns. Cellulose, polycaprolactone, poly (ε-caprolactone) -block- poly 
(dimethyl siloxane) -block- poly (ε-caprolactone) triblock copolymer, Poly 
(vinyl alcohol) and montmorillonites are chosen as additives to fulfil this goal. 
The main aims and objectives for this thesis can be categorized into the 
following five aspects: 
(1) Cellulose, PCL, PCL-PDMS-PCL and PVAL are all fully or at least 
partially biodegradable polymers, thus the blend films are supposed to possess 
biodegradability.   
(2) Cellulose-based polymer blends in this thesis are semi-crystalline/semi-
crystalline polymer blends, which may give various phase behavior and 
crystalline morphology by varying the composition. 
(3) Hydroxyl groups in cellulose are sensitive in forming hydrogen bonds. It is 
interesting to study whether it is possible that hydrogen bonds exist between 
our chosen polymer blend components.  
(4) The effects of any existing hydrogen bonds on the blend morphology, 
crystallization behavior, thermal stability and mechanical properties are also 
worth to explore. 
(5) To understand the influence of ionic liquid structures, organic modifier of 
montmorillonites and montmorillonites content on the morphology and 
properties of cellulose/clay composites.  
1.3 Thesis Outline 
This thesis contains eight chapters as described below:  
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Chapter 1 highlights the significance and questions within the study of 
cellulose-based biodegradable blends and composites regenerated from ionic 
liquids. In addition, an outline of the whole thesis structure is provided. 
Chapter 2 reviews the recent developments in the field of biodegradable 
polymers, polymer blends, polymer composites and ionic liquids. 
Chapter 3 provides the detail information of all chemicals, preparation 
procedures and characterization instruments that involved in this research.    
In chapter 4, cellulose/PCL blend films prepared from BMIM[Cl] was studied. 
The inter- and intra-molecular hydrogen bonding interactions in this blend 
were investigated by Fourier transform infrared (FTIR) spectroscopy. 
Miscibility was also explored via dynamic scanning calorimtery (DSC) and 
scanning electron microscopy (SEM). Moreover, the tensile properties and 
thermal stability of the blends were also studied. Ionic liquid recovery 
efficiency was examined via 1H NMR spectroscopy. Besides, non-isothermal 
crystallization kinetic investigation and soil degradation was performed.  
In chapter 5, the morphology and phase behaviour of cellulose/PCL-PDMS-
PCL blend films were explored with comparison to cellulose/PCL blend 
system. Ozawa model and Tobin model were employed for non-isothermal 
crystallization analysis. The crystallization behaviour of cellulose/PCL blend 
system and cellulose/PCL-PDMS-PCL blend system was compared and the 
corresponding effects of soft PDMS region were discussed. Hydrogen bonding 
interactions between cellulose and PCL portion of the triblock copolymer were 
also investigated. Its influence on tensile properties and thermal stability were 
discussed as well. 
Chapter 6 concentrated on the miscibility study of cellulose/PVAL blend films. 
Melting point depression and glass transition temperature increase were 
analysed. Fox and BCKV equations were used to fit the experimental data and 
to reveal the composition dependent relationship of thermal properties of the 
obtained cellulose/PVAL blend films. Hydrogen bonding interactions between 
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cellulose and PVAL components were directly or indirectly verified by FTIR, 
DSC, SEM and TGA results. 
Chapter 7 focused on the effects of ionic liquid structure on the morphology of 
the final obtained cellulose/clay composites. The influence of organic modifier 
existing in the interlayer of montmorillonites on the final morphology was also 
studied. Comparison of tensile properties and thermal stability for 
cellulose/clay films with varying clay loading was carried out as well. 
Finally, chapter 8 summarizes the results obtained in this research together 
with the recommendation for future works. 
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Chapter 2 
Literature Review 
2.1 Overview 
Plastics have been heavily manufactured as packaging materials since they are 
convenient, safe, low price and have good aesthetic qualities. It has been 
reported that 41% of the total plastic production is used in packing field, while 
47% of them are used for packing food goods1. Polypropylene (PP), 
polyethylene (PE)), polystyrene (PS), poly (vinyl chloride) (PVC), and so on 
are the main commercial packing plastics. They are fossil based products and 
cannot degrade in the natural environment. That means the more we use these 
kinds of materials in daily life, the more pollutions we make for our 
environment. 
There are procedures to deal with these plastic refuse after their usage. The first 
is to bury these wastes in landfill sites. However, with the fast development of 
the plastic products demand of the society, the landfill sites will not satisfy this 
demand by its size limitation. In addition, the buried plastic waste will hardly 
break down; it will remain in the soil for a very long time even exceeds the 
scale of thousand years. The existence of the buried plastics will greatly affect 
the eco-balance of subsurface structure. Another procedure is recycling and 
incinerating the used plastic goods. This procedure takes effect immediately in 
reducing the plastic waste amount. However, the labour and energy putting in 
this affair is costly. Furthermore, carbon dioxide and the toxic gases 
accompany this procedure will contribute to global warming and pollution. The 
quality of the final goods made from recycled plastics is much lower than that 
of the original products. 
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Thus, development of “green” polymeric materials as an alternative to these 
un-degradable plastics is of urgent demand. These “green” polymeric materials 
should be degradable in the natural environment and should not emit toxic 
gases during preparation and decomposition. Hence, biodegradable plastic 
materials are attractive candidates for this aim. Most biodegradable polymers 
have excellent properties that can be comparable to those of petroleum-based 
products. And they have the readily biodegradable advantage. Yet some of 
their properties, such as brittleness, low heat distortion temperature, high gas 
permeability, low melt viscosity for further processing and so on, restrict their 
application in commercial plastics2.  
Therefore, preparation of blends or conventional composites using 
biodegradable polymers and or inorganic fillers is a feasible and economic 
approach to improve some of the properties of biodegradable polymers. 
Properties including thermal stability, gas barrier properties, strength, low melt 
viscosity, and biodegradation rate can be modified by these multiphase 
systems. So, preparation of biodegradable polymer-based blends and 
composites can be considered as one of the trend of the future to cut down 
plastic pollutions.  
2.2 Biodegradable Polymers 
2.2.1 Introduction 
Biodegradable polymers are an important group of polymer that can deteriorate 
their physical and chemical properties and decrease their molecular mass down 
to gases and other low molecular weight products in both aerobic and 
anaerobic conditions; the carbon from these polymers will incorporate into 
microbial biomass or the residuals. In addition, all the carbon should be taken 
into account for carbon balance, while all the residues should be nontoxic in 
term of environmental view3. Biodegradable polymers can be used as 
substitutes for non-degradable plastics to reduce the pressure from dwindling 
availability of landfill sites and plastic pollution. Also, the application of 
biodegradable polymers can lower the emissions of greenhouse gas during 
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usage. They are useful for various applications, such as medical, agriculture, 
drug release and package fields. 
2.2.2 Classification 
A number of classification standards can be used for biodegradable polymers. 
According to the evolution of the synthesis process, the biodegradable 
polymers can be classified into four groups.  Only the first three categories are 
obtained from renewable resources: 
1. polymers from biomass such as the agro-polymers from agro-resources 
(e.g., starch, cellulose),  
2. polymers obtained by microbial production, e.g., the 
polyhydroxyalkanoates, 
3. polymers conventionally and chemically synthesised and whose 
monomers are obtained from agro-resources, e.g., the poly(lactic acid), 
4. Polymers whose monomers and polymers are obtained conventionally 
by chemical synthesis, e. g., the polycaprolactone.  
Also based on the molecular structures combined with the original resources, 
the biodegradable polymers can be grouped into three catalogues: 
1. Natural biodegradable polymers, such as polysaccharides, polypeptides 
of natural origin and bacterial polyesters. 
2. Polymers with hydrolysable backbones, such as polyesters, 
polycaprolactone and so on. 
3. Polymer with carbon backbones, such as poly (vinyl alcohol) and 
polyacrylates. 
Figure 2.2- 1 is a schematic of biodegradable polymer classification based on 
the molecular structures. 
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Figure 2.2- 1 Scheme of biodegradable polymers classification4 
2.2.3 Natural biodegradable polymers 
Natural biodegradable polymers are one of the most important classes of 
biodegradable polymers not only because of their abundance in amount, but 
also due to their wide varieties and readily biodegradability to full extent. 
Natural biodegradable polymers are subdivided based on their origins, which 
can come from plants, animals or minerals. They are typically formed within 
cells by complex metabolic processes, including enzyme-catalysed and chain 
growth polymerization reactions of activated monomers4. Polysaccharides, 
including starch, cellulose, chitin, chitosan, alginic acid, wool and so on; 
proteins, lipids and bacterial polyesters such as polyhydroxyalkanoate are the 
main components for this biodegradable classification.  
2.2.3.1 Cellulose 
Cellulose is a bio-based polymer which is the most abundant macromolecule 
on earth with estimated more than 1011 tons synthesized each year 5. It can be 
synthesized not only by trees and cotton plants, but also by bacteria and 
prokaryotes6-12. By far wood is the most commercially investigated natural 
resource that contains cellulose. Cellulose is a crystalline material that has the 
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highest modulus values among various plant groups, such as bagasse, sesame 
husk, jute, coir, hemp, kenaf and so on13. Cellulose with defined structure and 
multifunctional properties promises to be useful in many different applications, 
such as in the pharmaceutical sciences14, environmental problem solving areas, 
fibres, films and gels15,16, the cosmetics industry, food additives, electronic 
application17 and as agricultural materials18. 
Cellulose is a homopolymer composed of glucose monomers with β-1, 4 
linkages (Figure 2.2- 2). The glucose monomer is a cellobiose molecular with 
twofold screw-axis symmetry as shown in the bracket. Cellulose is the unique 
carbohydrate organic compounds that can be either synthesised from, or 
hydrolysed to monosaccharides19. Hydrogen bonds are obviously seen in the 
structure, hydroxyl groups on each monomer allows for the hydrogen bonding 
between adjacent cellulose chains and/or within the cellulose chains. Because 
of these huge amount of inter- and intra- molecular hydrogen bonds, cellulose 
is insoluble in most of the conventional solvents but the most aggressive 
hydrogen bond-breaking solvents. Also these hydrogen bonds may give rise to 
various ordered crystalline arrangements. In natural environments, cellulose 
does not exist in its single molecular form, but assembles some individual 
cellulose chains to form fibres that usually obtained during the biosynthesis 
process via spinning in a hierarchical order. To a larger scale, the cellulose 
molecular can be assembled into elementary fibrils that containing 36 
individual cellulose molecular. Furthermore, the fibrils can be brought together 
into microfibrils and then into fibres, which we conventional called cellulose 
fibres.  
 
Figure 2.2- 2 Structure of cellulose 5 
10 
 
Generally, cellulose can be divided into two forms, which includes the native 
cellulose and the regenerated cellulose. The later one is the one obtained from 
solution recovery or mercerization. Also, the crystal forms corresponding to 
these two cellulose classes are different. For native cellulose, the crystal forms 
consist of cellulose Iα and Iβ. For regenerated cellulose, the crystal forms are 
more complex and depending on various parameters such as regeneration 
procedures or solvent chose.  
Moreover, the properties of the cellulose are associated with its actual form 
type and their corresponding composition. Cellulose that directly obtained from 
plant fibres are mainly native cellulose fibrils containing both crystalline and 
amorphous domains. This kind of cellulose has high stiffness and can be 
considered as reinforcement for nanocomposites materials manufacture. 
Microcrystalline cellulose that prepared via hydrochloric acid-assist 
degradation of wood pulp originated cellulose fibres are generally stable, 
chemically and physiologically inert as well as excellent binding properties, 
which makes it suitable for application in pharmaceutical industry, food field, 
paper and composites.  
2.2.3.2 Starch 
Starch is another important natural biodegradable polymer that is composed of 
repeating 1, 4-α-D-glucopyranosyl units. Starch is a very similar polymer to 
cellulose that both of them are made from the same monomer (glucose) and 
have the same repeat units based on glucose. The only difference between 
cellulose and starch is the glucose based repeat units in starch are oriented in 
one direction and connected by alpha linkages while those repeat units in 
cellulose are rotated 180 degrees around the axis of the polymer backbone 
chain relative to the adjacent repeat unit and are connected by beta linkages20. 
Starch is a white, tasteless and odourless powder which cannot dissolve in cold 
water and alcohol. The structure of starch can be divided into two groups, 
including the linear and helical amylase and the branched amylopectin (Figure 
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2.2- 3). The properties of the starch are depended on its source, its chain 
structure and the number of alpha 1, 4-glycosidic bonds. 
  
Figure 2.2- 3 Structure of starch molecular (left is the amylose type, right is the 
amylopectin type) 
Starch can be digested by human beings with the aid of enzymes that exist in 
human bodies. Starch is usually functioned as primary carbohydrate storage 
form in nature. Moreover, starch can be used in papermaking industry, 
corrugated board adhesives, clothing starch field and so on. 
2.2.3.3 Chitin/Chitosan 
Chitin is a natural derivative of glucose that is abundant in nature as supporting 
materials of crustaceans and insects. Its structure is similar to cellulose which 
can be considered as cellulose with one hydroxyl groups on each monomer 
substituted with an acetyl amine group. The repeat unit in chitin is N-
acetylglucosamine that linked with β-1, 4 linkages (Figure 2.2- 4). The strength 
of hydrogen bond system in chitin is enhanced by the appearance of acetyl 
amine group compared to hydroxyl groups in cellulose. 
Chitin is translucent, pliable, resilient and quite tough material in its original 
form. However, after modification, it will exhibit enhanced properties that are 
suitable for application in agriculture, medicine, biomedical research and 
industry21. 
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Figure 2.2- 4 Structure of chitin and chitosan 
Chitosan is the N-deacetylated derivative of chitin that is as shown in Figure 
2.2- 4. The high nitrogen percentage makes it interesting in commercial fields 
with its excellent biocompatibility, biodegradability, non-toxicity and 
adsorption properties. Chemical modifications have been carried out to 
improve its solubility in conventional organic solvents or solvent systems.  
Chitin and chitosan can both function as structural polysaccharides. Both of 
them can undergo chemical reactions related to their nitrogen groups. N-
acylation and Schiff reactions are the most important reactions for preparation 
of chitin and chitosan derivatives. Chitin, chitosan and their derivatives can be 
used in photography, cosmetics, artificial skin, food and nutrition, 
ophthalmology, water engineering, paper finishing, solid-state batteries, drug 
delivery systems, biotechnology, etc21. 
2.2.3.4 Others 
Natural biodegradable polymers are abundant in species other than cellulose, 
starch, chitin and chitosan. Wool, zein, soy, whey, gluten, gelatine, casein and 
bacterial synthesised polyesters all are included in this group. 
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2.2.4 Polymer with hydrolysable backbones 
Polymers with hydrolysable backbones are susceptible to biodegradation due to 
their specific hydrolysable structure. Poly (glycolic acid), poly (glycolic acid-
co-lactic acid), polycaprolactone, polyether, polyurethane, poly (amide-
enamine)s etc. are the representative polymers in this group. 
2.2.4.1 Polycaprolactone 
Polycaprolactone (PCL) is an important polymer because of its mechanical 
properties, compatibility with wide range of other polymers and its readily 
biodegradability22. PCL is aliphatic polyester with hexanoate repeat units. The 
structure of PCL is shown in Figure 2.2- 5.  
*
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Figure 2.2- 5 Structure of polycaprolactone 
PCL is a typical semi-crystalline thermoplastic with a maximum crystallinity of 
around 69% for pure homo-polymer. PCL unit cell is orthorhombic and has 4 
repeat units per unit cell. Its lattice constants are a=7.45Å, b=4.98Å and 
c=17.05Å23. The Mn range of PCL can be varied from 530-630,000 g/mol. Its 
physical, thermal and mechanical properties depend mainly on its molecular 
weight and its crystallinity. The biodegradability of PCL can vary from several 
months to several years and is also affected by former mentioned factors as 
well as the degradation condition. The detailed properties of PCL is 
summarised in Table 2.2- 1 based on literature data. 
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Table 2.2- 1 Properties of PCL22 
 
There are two main approaches to synthesize PCL. The first is the 
polycondensation of 6- hydroxyhexanoic acid, and the other is the ring-opening 
polymerization of ε-caprolactone (ε-CL).  PCL has been used in a wide range 
of fields such as scaffolds in tissue engineering24, drug delivery systems25, 
microelectronics26, adhesives27 and packaging28. However, the high 
crystallinity and low degradation rate makes PCL suitable only for long-term 
drug delivery systems. Copolymerization the PCL with hydrophobic polymers 
can enhance its biodegradability29. 
2.2.4.2 Polyamides 
Polyamides are a group of polymers that contain monomers of amides linked 
by peptide bonds. Polyamides can be synthesised by polycondensation of equal 
amount of diamine and dicarboxylic acid. Moreover, polyamides can be 
synthesised by step-growth polymerization or through solid-phase synthesis 
artificially. Furthermore, there are also natural polyamides such as proteins, 
which is not included in our topic here. 
Polyamides can be classified into three groups according to their main chain 
composition, which are aliphatic polyamides, polyphthalamides and aramides, 
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respectively. Also, there are other taxonomies according to their crystallinity or 
repeating units’ types. 
Nylon is one of the most well known polyamides that are expected as 
alternative to silk in various applications, including fabrics, bridal veils, 
carpets, musical strings and ropes30. 
2.2.4.3 Polyurethanes 
Polyurethanes are a group of polymers that have urethane linkages in the 
polymer chain (Figure 2.2- 6). The urethane linkages are formed generally 
through the reaction of an isocyanate group with a hydroxyl group. 
Polyurethanes are commonly synthesized either by polyaddition of 
polyisocyanate with polyalcohol with the assistant of certain catalyst and 
additives, or through polyconsendation of diisocyanates with alcohols and 
amines31. This kind of polymer has the structural features of both polyesters 
and polyamides, characterized with the properties of biocompatibility, bio-
stability, moldability, and so on. Actually, pure polyurethanes are resistant to 
degradation under most conditions. However, structurally modification of the 
polyurethane chains can entitle it biodegradability32.  
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Figure 2.2- 6 Structure of polyurethanes 
Polyurethanes can be used as coating materials, especially for those 
polyurethanes made from aromatic isocyanates, which contains chromophores 
and sensible to light. In addition, prostheses area is another major application 
of polyurethanes. For example, cardiac assist devices and small vascular shunts 
both use polyurethanes as their components. Furthermore, it has been utilized 
in biomedical field31 and has great potential to broad this application. 
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2.2.4.4 Polyanhydrides 
Polyanhydrides is another group of biodegradable polymers that are widely 
used in drug delivery and tissue engineering. It has the merits of significant 
monomer flexibility and controllable degradation rates, while possessing the 
demerits of low molecular weights and weak mechanical properties. These 
properties can be resulted from its structural features. Polyanhydrides 
molecular chains contain two carbonyl groups that are linked together by an 
ether bond (Figure 2.2- 7). It is susceptible to hydrolytic action and its 
degradation rates can be altered with the polymer backbone change, which is 
the unique property of polyanhydrides and makes it a favour of drug delivery 
material. 
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Figure 2.2- 7 Structure of polyanhydrides 
2.2.4.5 Others 
Other polymers, such as polyesters and poly (amide-enamine)s, also play key 
roles as biodegradable polymers. They all have hydrolysis backbones that are 
vulnerable to degradation under certain conditions.  
2.2.5 Polymers with carbon backbones 
Biodegradable polymers with carbon backbones consist of poly (vinyl alcohol), 
poly (vinyl acetate) and polyacrylates. All of they are vinyl based polymers. 
Generally speaking, vinyl polymers are rarely susceptible to hydrolysis. Their 
biodegradation may undergo an oxidation or photooxidation process. An 
oxidisable functional group or photosensitive group is required in the molecule 
structure to enable their biodegradability.  
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2.2.5.1 Poly(vinyl alcohol) (PVAL) 
Poly (vinyl alcohol) (PVAL) is the most readily biodegradable polymer in the 
class of polymers with carbon backbones. PVAL is an atactic material but 
exhibits crystallinity. The hydroxyl groups are small enough that can fit into 
the lattice without disrupting crystallization. It is a water soluble synthetic 
polymer with vinyl alcohol repeat unit. Its molecular structure is shown in 
Figure 2.2- 8.  
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Figure 2.2- 8 Structure of PVAL 
 
PVAL cannot be polymerized directly from vinyl alcohol, since this species 
does not exist due to tautomerisation into acetoaldehyde33. PVAL is obtained 
via partial or complete hydrolysis of polyvinyl acetate to remove acetate 
groups. PVAL has a melting point of 230°C and 180–190°C for the fully 
hydrolysed and partially hydrolysed grades, respectively. It is not considered as 
a thermoplastic because its melting point exceeds its degradation temperature 
for fully hydrolysed grades34. 
PVAL has excellent film forming, chemical resistance, biocompatibility, high 
tensile strength and flexibility, high oxygen and aroma barrier properties, 
emulsifying and adhesive properties34. Many of the above mentioned properties 
of PVAL are the result of its significant cohesive energy, which is due to its 
polarity from hydroxyl groups. However, this structure characteristic also 
endows PVAL properties dependence on its molecular weight, hydrolysis 
degree and water content35.   
PVAL has attracted great attention due to its unique properties as above 
mentioned. It has been widely used in drug release media36, packaging films37, 
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textile38, paper adhesives and coating39, enzyme mobilization40, tissue 
engineering41 and so on. 
2.2.5.2 Poly (vinyl acetate) 
Poly (vinyl acetate) is a polymer that belongs to polyvinyl esters classification 
and exhibits like rubbery polymer. Poly (vinyl acetate) is polymerized through 
vinyl acetate monomer and its degree of polymerization is generally not too 
high, around 100 to 5000, which makes it a good candidate for glue 
application. The biodegradation of poly (vinyl acetate) is reported as a slow 
course4. And it has a strong trend to hydrolysis to poly (vinyl alcohol), 
particularly under alkali condition.  
2.2.5.3 Polyacrylates 
Polyacrylates is considered as a group of polymer that is typically polymerized 
from acrylate monomers. Numerous monomers, such as methacrylates, methyl 
acrylate, butyl acrylate, hydroxylethyl methacrylates etc., fall into this group to 
compose the polyacrylate polymers. However, biodegradation do not 
frequently occur for pure polyacrylates, such as poly (alkyl acrylate)s and 
polycyanoacrylates. But will occur for those copolymers like poly(alkyl 2-
cyanoacrylate)s, which can undergo a ester hydrolysis with certain enzymes 
assistance4. 
2.3 Polymer Blends 
The technology of polymer blends has attracted great attention of researchers 
in the past four decades in polymer science due to their advantages compared 
to developing a new monomer or polymer in the purpose of achieving certain 
expected properties. Polymer blending offers a fast and inexpensive approach 
to manufacture new materials with potentially synergistic properties. 
Moreover, the properties of the blend can be tailored and adjusted by simply 
choosing the components and altering the composition42.  
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The types of polymer blends are quiet multivariate and comprise many diverse 
combinations of polymeric materials of both academic and industrial interest. 
Polymer blends can be broadly divided into the following three classes. The 
first one is immiscible heterogeneous polymer blend, which is the leading 
group in amount. The second one is compatible polymer blend, which is a kind 
of immiscible polymer blend but exhibits macroscopically uniform physical 
properties. The macroscopically uniform properties are mostly result from the 
sufficiently strong interactions between the polymer blend components.  The 
last one is the miscible homogeneous polymer blend that exhibits a single-
phase structure43.  
The miscibility of polymer blends is an important factor that determines the 
final properties of the polymer blends. Various methods have been employed to 
study the polymer miscibility. Such as determination of optical homogeneity of 
the blends, determination of glass transition temperature (Tg), direct 
determination of   interactions between blend components on molecular levels 
and indirect determination for the blend miscibility. Among all these methods, 
differential scanning calorimetry (DSC) for detecting the number of Tg that 
coexist in polymer blends is the most popular and reasonable fast approach. 
Each Tg corresponds to one amorphous phase in polymer blends44.  
Most polymer blends are immiscible or phase separated from a thermal-
dynamic standpoint45. However, interactions within polymer blends will help 
to develop a miscible blend. Such interactions between the polymeric 
components in the blends can commonly summarized as hydrogen bonding, 
ionic and dipole, π-electrons and charge-transfer complexes45.  A feasible way 
for investigating these specific molecular bonding interactions in polymer 
blends is fourier transform infrared spectroscopy (FTIR). The characteristic 
peaks in FTIR spectra represent the frequencies of vibrations between the 
bonds of specific atoms making up the material in specific atom surrounding. If 
the blends are completely immiscible, the spectra of the blends will be the 
summation of the individual component spectra. Otherwise, the spectra will 
show the formation of new peaks or the absence of some component bands. 
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Shifts in some certain bands will also take place to reflect the change of 
molecular bonds environment46.  
The methods for polymer blends preparation and processing are abundant. One 
of the common techniques is melt mixing which has the advantage of achieving 
large scale sample preparation that is suitable for mechanical property testing 
by standard ASTM test procedures. Another approach for polymer blends 
preparation is in-situ polymerization. The polymer blends can be obtained by 
simultaneous polymerization or by sequential polymerization of different 
polymeric component. Interpenetrating polymer networks are also prepared by 
this approach. The simplest way is dissolving the polymeric components in a 
mutual solvent. The solution casting and solvent evaporation process can affect 
the final morphology of the polymer blends42. 
2.4 Polymer composites 
2.4.1 Introduction 
Polymer composites are materials that composed of at least two components. 
One portion acts as the matrices while the rest acts as reinforcement. These 
materials can combine the significantly different properties of the components 
and even develop to an advancing material that prior to any of the components 
included. 
Nanocomposites are novel and tempting materials that draw a host of 
researchers’ attention. This kind of materials is a group of polymer composites 
that contains small amount of nano-sized fillers dispersed in its matrix. They 
exhibit enhanced properties due to the existence of the nano-sized 
reinforcement. The high surface area-to-volume ratio results in a dominant 
behaviour of surface atoms over those inside the fillers. While the increasing 
surface areas enable the fillers to have more chances to act with its matrix and 
further enhance its strength, heat and oxygen barrier properties, etc. Typically, 
clays and carbon nanotubes are excellent choices as fillers for this materials 
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manufacture. Their morphologies can vary from layered, fibres, spherical to 
acicular particles47 but with the dimension in the range of nano scale. 
2.4.2 Clays 
Clay has many types and classifications. However, montmorillonites (MMT) is 
one of the most frequently studied one with its high-aspect ratio properties. In 
its pristine form, MMT is a hydrophilic 2:1 type phyllosilicate (Figure 2.3- 1) 
with a crystal lattice structure consisting of a central alumina octahedral sheet 
sandwiched between two silica tetrahedral sheets. The total number of 
exchangeable ions in the structure (Si8) (Al4-y Mgy) O20 (OH) 4, ୷ା for MMT 
(where M+ are exchangeable inorganic cations) can be quantified as cation 
exchange capacity (CEC) and expressed in the term of milliequivalent per 100 
grams of dry clay, which varies from 70 to 120 meq/100g depending on its 
extraction site47. 
 
 
Figure 2.3- 1 Structure of Montmorillonite47   
The clay/polymer composites can be classified into three groups from the 
synthesis route point, which is via in situ polymerization, polymer intercalation 
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from solution and direct polymer intercalation from melt. And three kinds of 
morphologies are often obtained, which is microcomposite, intercalated 
nanocomposites and exfoliated nanocomposites (Figure 2.3- 2). The interlayer 
spacing or d-spacing (d001) is an important index for MMT that depends on the 
layer crystal structure, the type of the counter-cation and the hydration state of 
the clay. X-ray diffraction techniques, transmission electron microscopy 
(TEM), and atomic force microscopy (AFM) together with Bragg’s equation 
are often used to determine the value of d001. 
  
Figure 2.3- 2 Scheme of the morphologies of clay/polymer composites via different 
synthesis route 
Clay/polymer composites have drawn great attention due to their improved 
barrier properties, tensile strength, heat and flame resistance. The high 
mechanical properties of the clay/polymer composites are mainly due to the 
high aspect ratio of the dispersed clay and large surface area between polymer 
matrix phase and the reinforcement clay phase. The existence of clay material 
with high aspect ratio that can stop the entire pathway for transport leads to the 
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reduction of gas and liquid permeability of the clay/polymer composites. 
Moreover, the improved thermal stability and flammability are also due to the 
existence of the clay particles in clay/polymer composites. Oxygen is 
prevented from penetrating into polymer matrix during heating process that 
further prevents the oxidation of the materials. In addition, the collapse of clay 
layers during combustion of the clay/polymer composites form a uniform layer 
structure that can reinforce the char and slow down the volatile product release 
rate in order to decrease its flammability48. 
Composites that consist of clay and bio-based polymers are more promising in 
the environmental point of view. These kinds of material can not only exhibit 
unique enhanced properties but also keep the readily biodegradable 
characteristics compared to the single bio-based polymer matrix. The 
investigation of clay/bio-based polymer composites is a feasible approach for 
reducing plastic pollutions. 
2.5 Ionic Liquids 
2.5.1 Introduction 
Ionic liquids are commonly defined as a group of organic salts that melt at or 
below 100 °C. The liquid state of ionic liquids is facilitated by two aspects 
compared with ‘normal’ salts, which are their shielded or delocalized charges 
and an asymmetric molecular structure that leads to a high steric hindrance51,52. 
They have attractive properties such as good thermal stability (over 300°C), 
excellent dissolution ability, negligible vapour pressure, non-flammability and 
ease of recycling, which make them as desirable green solvents53,54. Their 
properties can also easily be tuned by proper choose of component cations and 
anions. There are currently approximately 1018 combinations of ions that could 
lead to useful ionic liquids55. 
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2.5.2 History of ionic liquids development 
The field of ionic liquids began in 1914. Paul Walden firstly reported the 
physical properties of ethylammonium nitrate ([EtNH3][NO3], a molten salt at 
room temperature (mp 13–14 °C), which was formed by the neutralisation of 
ethylamine with concentrated nitric acid56. This discovery was ignored by the 
researchers of the time. In 1951, Hurley et al. 57 reported a room temperature 
ionic liquid prepared by mixing 2:1 molar ratio anhydrous aluminium chloride 
(AlCl3) with ethyl pyridinium bromide in a dry and oxygen-free atmosphere at 
room temperature. Extensive researches on aluminium chloride based ionic 
liquids were carried out during the period of 1970s to 1980s 58-61. These ionic 
liquids are sensitive to water and oxygen, which can be regarded as the first 
ionic liquid generation. This common character limits their application since 
they must be prepared and handled under inert gas atmosphere. In 1992, the 
first air and moisture stable ionic liquid based on 1-ethyl-3-methylimidazolium 
cation and either tetrafluoroborate or hexafluorophosphate anions was stated by 
wilkes et al.62. Followed by development of more hydrophobic ionic liquids, 
such as trifluoromethanesulfonates and bis((trifluoromethyl)sulfonyl)amides52 
based ones. These ionic liquids are water insensitive and have large 
electrochemical windows, which allows for more practical application and is 
regarded as second generation of ionic liquids. After stepping into 2000s, the 
investigation of ionic liquids is booming. The most recently review of ionic 
liquids developments and progress is published in 2010, protic ionic liquids, 
multi functional ionic liquids, chiral ionic liquids and task-specific ionic liquids 
were fully illustrated. The content includes the fundamental properties of ionic 
liquids to their applications in catalytic processes as well as their newly 
developed usage of biomass treatment and transformation63. 
2.5.3 Application of ionic liquids 
During the past decade, the utilization of ionic liquids has been expanded to 
many fields. Welton has done a lot of work on the application of ionic liquids 
as solvent for synthesis and catalysis64. Wasserscheid together with Welton, 
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edited a book named “Ionic Liquids in Synthesis”65, in which they present the 
synthesis, purification and physicochemical properties of ionic liquids. Also 
state the role of ionic liquids in organic synthesis, inorganic synthesis, polymer 
synthesis and bio-catalytic reactions. Forsyth and her co-workers have 
discussed the usage of ionic liquids in batteries field66-68. A review about the 
application of ionic liquid materials in electrochemical domain has been 
published in 200969. Shen and his group devoted huge efforts on preparation of 
poly (ionic liquid)s70 and their application in CO2 separation71,72 and 
microwave absorption73. They have even been used as a novel group of self-
reporting humidity sensory materials with excellent reversibility. These sensors 
are able to rapidly, sensitively and visually indicate environmental humidity by 
changing colour in the whole visible range74. The application of ionic liquids in 
electrochemical sensing systems has been reviewed by Shiddiky et al75. 
Another emerging application for ionic liquids is biomass pre-treatment76. 
Biomass is the most abundant renewable resource for the production of fuels 
and chemicals77,78, which is one of the most promising potential replacements 
of the petrol-based products. It is mainly composed by three components, 
including cellulose (40-50 wt %), hemicelluloses (25 wt %) and lignin (25 wt 
%)79,80.  The basic procedures for biomass pre-treatment can be grouped into 
two classes: thermalchemical conversion81 and biochemical conversion82, as 
presented in Figure 2.5- 1.  
 
Figure 2.5- 1 Schematic representation of biomass pre-treatment 77 
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The pre-treatment is aimed to break down the lignocellulosic fraction and the 
cellulosic matters, as well as removal of hydrolysate inhibitors from 
hemicellulosic portion83.  
2.5.4 Dissolution of cellulose with ionic liquids 
2.5.4.1 Cellulose solvent 
The solubility of cellulose in water and many common solvents is poor 
stemming from the numerous inter-molecular and intra-molecular hydrogen 
bonds, which restricts its wide range of applications. Researchers have devoted 
enormous efforts to find proper solvents for cellulose. LiCl/N, N-
dimethylacetamide (DMAc) solvent system is one of the effective solvents for 
cellulose. Terbojevich et al. 84 discussed mesophase formation and chain 
rigidity of cellulose samples dissolved in LiCl/ DMAc solvent system. A 
molecular dispersion (I), a stable aggregates composed by 7 fully extended 
cellulose molecules with a side-by-side organization (II) and a concentration-
dependent association equilibrium consisting single molecules and aggregates 
(III) were observed. This solvent system was also used to study the reactivity 
of cellulose hydroxyl functional groups in ring-opening reaction 85. Epoxide 
reagents were found unreactive to cellulose hydroxyl groups, while cyclic 
anhydrides and lactones have the reactivity in the presence of triethylamine. 1, 
3-propane sultone can react with the competing chloride anion in this solvent 
system. A hydroxyl-terminal ester cellulose derivative can be formed with ε- 
caprolactone via an addition-elimination mechanism. LiCl/ DMAc mixed 
solutions were employed in preparation of cellulose/ Poly (vinyl alcohol) 
blends 86, all-cellulose composite 87 etc.. It is also the solvent media for the 
semi-interpenetrating networks of poly (N, N-dimethylacrylamide) with 
cellulose or chitin 88. Aqueous alkali / urea solution is another prevalent solvent 
system for processing cellulose. According to Ruan et al.89, the rheological and 
gelation behaviours of inclusion complex including cellulose, NaOH and 
thiourea were intensively explored by oscillatory rheology. The impact of 
cellulose concentration, molecular weight, temperature and time provides 
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enormous information for cellulose solution fundamental research and 
industrial application. Kim ea al. 17 experimentally prepared electro-active 
paper (EAPap) actuator using NaOH/urea solutions. This solution gives the 
EAPap material ionic behaviour via decreasing hydrogen bond within cellulose 
molecules90. The effect of chitosan and different types of free ions involved on 
the actuation behaviour were also studied 91, which opened the way for 
cellulose to be used in bio-mimetic sensor and/or actuator devices and 
microelectronic mechanical systems.  Cellulose application is also extended 
into bio-based packaging field with low oxygen permeability92. For the 
transparent cellulose films prepared from aqueous alkali/urea solutions, the 
typical oxygen permeability at 0% RH is about 0.003 mL μm m-2 day-1 kPa-1, 
which is even superior to those commercial cellophane or synthetic polymer 
films. Other example of processing cellulose in aqueous alkali / urea solution is 
presented by Islam et al. for acquiring nanocomposites93. Other solvent 
systems, such as  LiCl/N-methyl-2-pyrrolidine (NMP) 94, LiCl/1,3-dimethyl-2-
imidazolidinone (DMI)95, DMSO/paraformaldehyde (PF)96,97, N-
methylmorpholine- N-oxide (NMMO)98, some molten salt hydrates99,100, some 
aqueous solutions of metal complexes101,102 etc., were developed for dissolving 
cellulose in the last decade. Ionic liquids are developed to be promising 
solvents for cellulose that can even date back to 1934. Graenacher was the first 
to report that molten N-ethylpyridinium chloride in the presence of nitrogen-
containing bases could dissolve cellulose103. However, the concept has not 
attracting much attention since the ionic liquids were not well understood by 
researchers at that time. Only until recently, the value of ionic liquids as 
cellulose solvent is re-assessed. The details of ionic liquid and their application 
as cellulose solvent will be discussed in the following section.  
2.5.4.2 Development of ionic liquids as cellulose solvent 
The use of ionic liquid solvent avoids the emission of volatile organic 
compounds (VOCs) as well as the dissolution limitation of conventional 
solvents during application104. As aforementioned, the dissolution of cellulose 
in ionic liquids was reported as early as in 1934103. However, this report is 
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ignored till 2002105, it returns to researchers view because of the intensive 
knowledge of ionic liquids. The dissolution of cellulose in a series of 1-butyl-
3-methylimidazolium cation based ionic liquids was tested. The results reveal 
1-butyl-3-methylimidazolium chloride (BMIM[Cl]) has the most powerful 
solubility; a 25 wt% concentrated cellulose/BMIM[Cl] can be obtained by 
microwave heating. Elongation of the alkyl chain in the cation will lead to the 
decrease of solubility. Cellulose can also slowly dissolve in the BMIM[Br] and 
BMIM[SCN], but is insoluble in the hydrophobic ionic liquids BMIM[BF4] 
and BMIM[PF6]105. This information gives the clue of cellulose dissolution 
mechanism in ionic liquids. The main force for cellulose dissolution is the 
breaking of the extensive hydrogen bonding network by incorporation 
hydroxyl group with ionic liquid anion106. The high concentration and activity 
of chloride anion in BMIM[Cl] result in the efficient dissolution of cellulose. 
As the hydrogen bonding basicity decrease, the solubility of BMIM[Br] and 
BMIM[SCN] decrease according to the hydrogen bonding basicity order. 
Moreover, the weak hydrogen bond acceptors or non-coordinating groups, such 
as BF4, PF6 and so on, are not efficient cellulose solvent. The long alkyl chain 
substation of imidazolium cation will dilute the anion concentration and finally 
lead to the less active hydrogen bond acceptor, which is the reason why the 
C6MIM[Cl] only has 5wt% solubility and the solubility of C8MIM[Cl] is even 
worse, only slightly solubility can be obtained. 1-allyl-3-methylimidazolium 
chloride is also reported as a solvent for cellulose dissolution later107,108. 5wt% 
solubility can be achieved in only 15 min at 100˚ C without any assistance of 
pre-treatment or activation. This ionic liquid has relatively low melting point 
(ca. 17˚ C) and high decomposition temperature (273˚ C). The ionic liquids as 
reaction medium for cellulose was investigated by Heinze et al.109, they found 
that 3-methy-N-butylpyridinium chloride [C4mpy]Cl is more effective solvent 
for cellulose than BMIM[Cl], and benzyldimethyl (tetradecyl) ammonium 
chloride (BDTAC) has the lest solubility. However, cellulose in [C4mpy]Cl has 
remarkable depolymerisation while non-degradation in BMIM[Cl] and 
BDTAC. Additionally, BDTAC has the advantage of lowest melting point 
which is benefit with less substantial degradation during cellulose dissolution. 
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Cellulose can undergo acetylation in BMIM[Cl] without additional catalyst. 
 Later in 2008, polar ionic liquids suitable for solubilising cellulose 
under mild conditions were investigated by Fukaya et al110. The aim for this 
research is to reduce energy cost. N-ethyl-N’-methylimidazolium 
dimethylphosphate [C2mim][(MeO)2PO2] was found able to dissolve high 
concentration of microcrystalline cellulose at room temperature with no 
decomposition of both ionic liquid and cellulose molecular.  Meanwhile, as 
researchers realized wide potential applications of ionic liquids as cellulose 
solvent, the understanding of the rheological properties and phase transition of 
cellulose/ionic liquid solutions is exigent. Rheological properties of 
cellulose/AMIM[Cl] solutions ranging from dilute to concentrated regimes 
were described by Wang’s team111,112. A shear thinning behaviour at high shear 
rates was found in all concentrations. Another shear thinning region was also 
found at low shear rates; 9wt% and 16wt% were verified as the critical 
cellulose concentration for the appearance of biphase and fully anisotropic 
phase for microcrystalline cellulose/AMIM[Cl] solutions, respectively. The 
viscoelasticity greatly depended on the molecular weight of cellulose, and most 
cellulose chains kept orientated at high concentration. Cellulose in other ionic 
liquids, such as 1-Butyl-3-methylimidazolium chloride (BMIM[Cl]), 1-Ethyl-
3-methylimidazolium chloride (EMIM[Cl]), 1-Butyl-2, 3-dimethylimidazolium 
chloride (BDMIM[Cl]), 1-Butyl-3-methylimidazolium acetate (BMIM[Ac]) 
and 1-Ethyl-3-methylimidazolium acetate (EMIM[Ac]), were also explored by 
Kisan et al113. Gericke et al114 detailed specified rheological properties of 
different types of cellulose dissolved in EMIM[Ac]. They reported that 
EMIM[Ac] is close to theta solvent for cellulose. The data obtained from 
various cellulose/ionic liquid solution systems could aid successful processing 
of cellulose materials and also chemical derivation. A scheme of ionic liquids 
used in cellulose dissolution is depicted in Figure 2.5- 2. 
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Figure 2.5- 2 Examples of commonly used ILs for cellulose dissolution76 
2.5.4.3 Mechanism of cellulose dissolution and regeneration in 
ionic liquids 
The mechanism of cellulose dissolution and regeneration is an attractive 
research field in recent years. Molecular dynamics simulations, 13C and 35/37Cl 
NMR relaxation and 1H pulsed field gradient stimulated echo (PFG-STE) 
diffusion measurements and experimental investigation are the most frequently 
adopted techniques. Imidazolium based ionic liquids are taken as simulation 
models115.  
The mechanism of cellulose dissolution that is widely accepted till now has 
two aspects. The first point is that the anions of the ionic liquids form hydrogen 
bonds with the hydroxyl groups of the glucan units, which leads to the 
destruction of the hydrogen bonding networks between glucan strands106,115-117. 
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This is the main driving force for the dissolution of cellulose. A strong 
stoichiometric correspondence between ionic liquid anions and glucose 
hydroxyl groups is observed. The other view point is that the acidic hydrogen 
at the C (2) position on the imidazolium ring of the ionic liquids can form weak 
hydrogen bonding interactions with glucose chains. Also van der waals 
interactions with carbohydrate hydroxyl group oxygen are observed. These 
interactions exist but rarely affect the dissolution process in the existent 
cases116. However, it provides a feasible way to design a more powerful ionic 
liquid solvent for cellulose by tailoring the acidity of the ring protons.  
As mentioned above, the main force for cellulose dissolution is the breaking of 
the extensive hydrogen bonding network by incorporation hydroxyl group with 
ionic liquid anion106. Several experimental observations validate this fact. 
25wt% highly concentrated cellulose/BMIM[Cl] solution was successfully 
obtained because of the high concentration and activity of chloride anion in 
BMIM[Cl]. Only 5-7 wt% cellulose/BMIM[Br] and cellulose/BMIM[SCN] 
solution could be prepared since the hydrogen bonding basicity decreases. 
Moreover, BMIM[BF4] and BIMI[PF6] are not suitable solvent for cellulose 
due to the weak hydrogen bond acceptors or non-coordinating anions. In 
addition, C6MIM[Cl] only has 5wt% solubility and the solubility of  
C8MIM[Cl] is even worse, only slight solubility can be obtained. This is due to 
the dilution effect of the long alkyl chain substation of imidazolium cation on 
the anion concentration. 
The dissolved cellulose in ionic liquids can easily be regenerated from anti-
solvents, such as water, methanol, ethanol and so on118. The cellulose 
regeneration mechanism was not as intensively explored as the dissolution 
mechanism. However, the study of the regeneration mechanism can give a 
powerful insight into optimization of ionic liquid recovery and recycle 
techniques. Gross et al.119 detected thermodynamics behaviour of cellulose 
both in water and BMIM[Cl] via all-atom molecular dynamics (MD) 
simulations. They believed that the glucan chain collapse at room temperature 
is entropy driven. The glucan chains are amphiphilic because of the 
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componential hydrophobic CH groups and hydrophilic OH groups, which lead 
to a peculiar ordering of water along the glucan chains. Automatically chain 
collapse takes place in order to reduce the hydrophobic CH group exposure. 
The less CH groups accessible, the less order of water it will be. The 
observation of no shift of total potential energy during chain collapse is a solid 
evidence of this entropy-based mechanism. Almost published at the same time, 
Liu et al.117 also answered the question of how water act as anti-solvent and 
how they disrupt ionic liquid-cellulose interactions. They revealed that water 
can form hydrogen bonds both as a donor and as an acceptor. When water 
diffused into cellulose/ionic liquid solution, it will disrupt the cation-glucan 
interaction and form an anion-water-cellulose hydrogen bonding network 
instead. The ionic liquid cations are edged out from the first solvation shell of 
the cellulose and finally lead to the precipitation of cellulose. This is 
considered as the key intermediate step during cellulose regeneration.  
2.5.4.4 Ionic liquids recovery  
Ionic liquids are considered to be ‘green’ solvents since they have negligible 
vapour pressure, non-flammability and low melting points. They can be 
tailored to offer wide range of solubilities via elaborative selection of 
componential cation and anion. However, they are relatively expensive than 
conventional solvents, also they may cause water contamination due to their 
potential toxicity. Recycle of ionic liquids is a significative issue nowadays not 
only from economics point of view, but also from environmental point of view. 
Various methods, such as evaporation, ionic exchange, pervaporation, reverse 
osmosis and salting out are used to recover ionic liquid54. A rounded review of 
ionic liquids recycling for reuse has been published in 2011120. Different 
methodologies have been applied to different systems as shown in Table 2.5- 1.   
Table 2.5- 1 Schematic diagrams of methods for ionic liquids recovery 
Refs Source for recycle Recycle Procedure Recycle Efficiency 
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2003 Scurto et 
al.121 
IL/water/CO2 
mixture 
Extraction with supercritical 
CO2 
 
ILs in some systems 
could be recovered 
efficiently; the yield of 
the product might 
decrease gradually with 
time (upon multiple 
usages) due to some 
impurities in the 
recovered ILs. 
2005 Dal &  
Lancaster122 
IL/Organic/Acid 
mixture 
Distillation/Stripping 
 
Steady loss of IL after 
recycle with no 
degradation 
2005 Xiao123 FeC13 - IL system 
 
ionic liquids could be 
recovered 
quantitatively with 
negligible loss of 
activity 
2006 Xiao124 IL in the 
alkylation of 
Benzene and 1-
Chlorobutane 
 
ILs could be  recovered 
quantitatively and 
almost without  loss of 
activity and selectivity 
2006 Wong et 
al.125 
Ionic liquid/ 
transition metal 
catalyst mixture 
 Solvent extraction 
 
IL can be recycled for 
use in subsequent 
reactions as a single 
phase mixture with 
organic solvent, as 
opposed to in the form 
of pure IL. 
2006 Birdwell 
et al.126 
Immiscible IL/ 
hydrocarbon/ and 
aqueous systems 
Centrifugal solvent-
extraction contactor
  
Most efficient, but still  
with slight loss of ILs 
2008 Maase127 IL 
/tetrahydrofuran 
(A)/water (B) 
Falling Film Evaporator The activity of 
regenerated ILs for 
extraction remains the 
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mixture  
 
same, while the colour 
changed because of 
some impurities. 
2010 Haerens 
et al.128 
Non-volatile 
compound/IL 
systems 
Membrane techniques The osmotic pressure 
of ionic liquids in 
water limited the   
applicability of nano-
filtration and reverse 
osmosis. Pervaporation 
requires a large 
membrane area. 
2010 Attri et 
al.129 
ILs/ DMF binary 
mixtures 
Vacuum Reused at least four 
times without loss of 
their purity 
2010 Li et 
al.130 
AMIM[Cl]/ Non-
solvent mixture 
Rotary evaporation,  
vacuum dried at 40 °C 
overnight 
 
The recycling of the 
ionic liquid was nearly 
quantitative 
Generally speaking, the methodologies can be catalogued into three groups 
based on the available literatures in this field, in which the first and most 
adopted one is distillation/ vacuum drying. The second one is solvent 
extraction including the supercritical CO2 extraction. The third is Membrane 
techniques, which includes pressure-driven membrane processes, nano-
filtration, reverse osmosis, pervaporation and so on. More and more recycling 
methods will be investigated by researchers in the future, since it is a key step 
for ILs sustainable development. 
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2.6 Conclusion of the Literature Review 
To conclude, this literature review presents the basic information and recent 
research results about biodegradable polymers, clays and CNTs, ionic liquids, 
polymer blends and composites, especially the biodegradable polymer based 
blends and composites.  
Biodegradable polymers blends and composites have attracted great attention 
of researchers in the last three decades for the aim of substitute petroleum-
based non-degradable materials in the fairly wide application fields ranging 
from packaging materials to biomedical materials.  
Granular starch, either in its original form or surface modified to improve the 
compatibility with other polymers, has been blended with inert polymers (such 
as polyethylene) in the purpose of reducing plastics waste. The existence of 
starch in the blends can break the integrity of the inert polymers. When the 
starch/inert polymer blends or composites are exposed to environments, the 
removal of starch by microorganisms will help the materials to disintegrate and 
disappear. However, degradation only takes place when the amount of starch is 
fairly large in the blends or composites4.  
Ray and Bousmina2 have reviewed biodegradable polymers and their layered 
silicate nanocomposites comprehensively from definition and categories of 
biodegradable polymers/layered silicate nanocomposites to preparation and 
characterization techniques.  
Rhim and Ng131 wrote a review on natural biopolymer-based nanocomposites 
films for packaging applications. Polysaccharide films, protein films, lipid 
films and composite films are summarized. Dry process and wet process for 
film preparation have been addressed in detail. Moreover, literatures on starch-
based, cellulose-based, chitosan-based and protein-based nanocomposites 
concepts have been brought out for the potential application in active food 
packaging.  
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John and Thomas132 made a good review on cellulosic fibres and 
biocomposites. They analysed cellulosic fibres advantages and disadvantages 
against synthetic reinforcements and their potential applications in wide range 
of fields from construction industry to automotive industry. Green composites 
that combined natural/bio fibres with biodegradable resins, hybrid composites 
that incorporate several different types of fibres into a single matrix, textile 
composites that utilized textile technologies to achieve superior mechanical 
properties have been introduced, respectively.  
Biodegradable nanocomposites self-assembly phenomenon for biomedical 
applications with adjustable mechanical, thermal and electrical properties has 
been presented in a review wrote by Armentano et al133. 
Cellulose, as one of the best known renewable resources capable of 
manufacture biodegradable plastics, has been blended with other polymers for 
the preparation of functional polymeric blends and composites. 
Cellulose/chitosan blends, cellulose/starch and its derivatives blends, 
cellulose/polyester blends, cellulose/chitin blends, cellulose/alginate blends, 
cellulose/protein blends, cellulose/konjac glucomannan blends and etc. 
prepared in N-methylmorpholine-N-oxide (NMMO) solvent system, lithium 
chloride (LiCl)/N, N-dimethylacetamide (DMAc) solvent system, aqueous 
metal-based solvent system, NaOH/urea aqueous solvent system and ionic 
liquid solvent system have been reviewed by Wang et al134. Effects have been 
made to reduce the solvent pollution to the environment during the seeking 
after the suitable solvent for the blending. The cellulose-based biodegradable 
materials can be expected to alternate a proportion of synthetic polymers for 
the concerning of environmental protection and sustainable development. 
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Chapter 3 Materials and Methodology 
In this chapter, the information about all the materials used in this research 
work is listed. Typical experimental procedures and characterization 
techniques are described in detail. 
3.1 Materials 
3.1.1 Microgranular cellulose  
Microgranular cellulose was a product from Aldrich. It is in white granular 
form with a density of 0.600 g/cm3. The degree of polymerization is 200. Its 
structure is shown in Figure 3.1- 1. 
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Figure 3.1- 1 Chemical structure of microgranular cellulose 
3.1.2 Polycaprolactone (PCL) 
Polycaprolactone (average Mw ~14,000, average Mn ~10,000 by GPC) was 
purchased from Aldrich. It is α, ω-hydroxyl functionalized polymer. Its 
molecular structure is shown in Figure 3.1-2. 
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Figure 3.1- 2 Chemical structure of PCL homopolymer 
3.1.3 Poly (ε-caprolactone)-block-Poly(dimethyl 
siloxane)-block-Poly(ε-caprolactone) (PCL-PDMS-
PCL) 
The PCL–PDMS–PCL triblock copolymer (Figure 3.1- 3), namely, poly(ε-
caprolactone)-block-poly(dimethyl siloxane)-block-poly(ε-caprolactone) was 
purchased commercially from GoldSchmidt A.G., Germany, under the trade 
name Tegomer H-Si 6440. Its molecular weight Mn is 6500 ± 600, which 
includes 43 wt % PDMS content. The average Mn of the PDMS mid-block was 
3000 and that of the PCL end blocks was 2000. The GPC measurement in 
tetrahydrofuran showed that the PCL–PDMS–PCL triblock copolymer had an 
average Mw = 8260 and Mn = 5400 with polydispersity index Mw/Mn of 1.53 
relative to the polystyrene standard. 
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Figure 3.1- 3 Chemical structure of PCL-PDMS-PCL triblock copolymer 
3.1.4 Poly (Vinyl Alcohol) (PVAL) 
Poly (Vinyl Alcohol) (PVAL) (average Mw 89,000~98,000 by GPC) was 
purchased from Aldrich. It is a 99+% hydrolyzed colorless crystalline polymer. 
Its molecular structure is shown in Figure 3.1- 4. 
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Figure 3.1- 4 Chemical structure of PVAL 
3.1.5 Clay 
Cloisite NA+ is a natural montmorillonite that has a sodium exchangeable 
cation with a d001 data of 11.7Å.  
Cloisite 25A is a natural montmorillonite that has been modified with a 
quaternary ammonium cation. The CEC value for Cloisite 25A is 
95meq/100gclay and its interlayer spacing is 18.6 Å. 
Cloisite 30B is also a natural montomorillonite modified with a quaternary 
ammonium salt. The CEC value is 90 meq/100g clay and its interlayer spacing 
is 18.5 Å. 
The structures of these three kinds of clay are shown in Figure 3.1- 5 and all of 
them were supplied by Southern Clay Products, Inc. 
 
Figure 3.1- 5 Structures of Cloisite Na+, Cloisite 25A and Cloisite 30B 
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3.1.6 Ionic liquids (ILs) 
1-butyl-3-methylimidazolium chloride (BMIM[Cl]) (assay >95%, water 
content <0.5%) and 1-butyl-3-methylimidazolium bromide (BMIM[Br]) (assay 
>97.0%, water content ≤1%) were obtained from Fluka.  
1-butyl-3-methylimidazolium tetrafluoroborate (BMIM[BF4]) (assay ≥97.0%, 
density ~ 1.21g/mL at 20˚C); 1-butyl-3-methylimidazolium 
hexafluorophosphate (BMIM[PF6]) (assay ≥97.0%, density ~ 1.38g/mL at 
20˚C); 1-allyl-3-methylimidazolium chloride (AMIM[Cl]) (assay ≥97.0%, 
storage at -20˚C) and 1-ethyl-3-methylimidazolium chloride (EMIM[Cl]) 
(assay ~98%, melting point at 77~79˚C) were obtained from Aldrich. These 
chemicals were all used as received.  
The molecular structures of the ionic liquids are shown in Figure 3.1- 6. 
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Figure 3.1- 6 Chemical structures of BMIM[Cl], BMIM[Br], BMIM[BF4], BMIM[PF6], 
AMIM[Cl] and EMIM[Cl] 
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3.2 General Experimental Procedures  
Solution-cast technology is the oldest technique for plastic films manufacturing 
and it is a versatile technology for thin film production135. Four steps, including 
choosing suitable raw materials, dope preparation, film casting and solvent 
recovery, constitute the whole procedure. The solution-cast technology has the 
following advantages: 
_ Homogeneous thickness distribution 
_ Highest optical purity, free of gels or specks 
_ Excellent transparency, low haze 
_ Isotropic orientation, low optical retardation, excellent flatness 
_ Processing of thermally or mechanically sensitive components is feasible 
_ Possibility of production of high-temperature resistant films from non-
melting but soluble raw materials 
Another commonly used method is solvent precipitation. The polymer is 
dissolved in a good solvent and then precipitated in certain quantities of a non-
solvent for the polymer. These two solvents should be miscible with each other 
and do not form emulsion136. In this work, these two methodologies were 
employed together to prepare the blend films. The detailed procedures are 
discussed in the following section.  
3.2.1 Regenerated Cellulose Film Preparation 
The regenerated cellulose films was prepared according to the literature105,137. 
To prepare a regenerated cellulose film, a known amount of cellulose was 
added into a 250 mL conical flask containing ionic liquid BMIM[Cl] and the 
flask was quickly sealed. The suspension was vigorously stirred for 6 h at 90 
˚C to obtain a homogeneous solution. After that, the solution was cast onto a 
glass plate to give a homogeneous thick layer. The air bubbles in the solution 
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layer were removed under reduced pressure in the vacuum oven. For cellulose 
regeneration, the glass plate with casted solution was immersed in the 
deionised water bath to allow a white regenerated cellulose gel forming. The 
water was changed several times in order to remove the residual ionic liquids. 
Air dry was firstly applied to the regenerated cellulose film in order to remove 
majority water, and then the film was dried in vacuo at 60 ˚C. Otherwise, the 
dried regenerated cellulose films became curly. 
3.2.2 Cellulose/PCL Blend Films Preparation 
A typical procedure for preparing cellulose/PCL blend film was described as 
follows: a pre-weighed amount of cellulose was added to BMIM[Cl] in a 
200mL beaker, heated up to 90 °C and mechanical stirred for 1 hour prior to 
PCL addition. The concentration of the solution was approximately 10 wt%. 
PCL addition followed and the mixture was then mechanically stirred for 
another 24 hours to allow complete mixing. The resulting homogenous viscous 
solution was casted onto plain glass plate, immersed into deionised water to 
remove the water miscible BMIM[Cl]. After several deionized water washes, a 
white piece of regenerated cellulose/PCL blend film was obtained. The 
samples were air dried followed by a further 24 hours in vacuo prior to testing.  
3.2.3 Cellulose/PCL-PDMS-PCL Blend Films 
Preparation 
Cellulose/PCL-PDMS-PCL blend films were prepared in a similar procedure 
as cellulose/PCL blends. A pre-weighed amount of cellulose and PCL-PDMS-
PCL were added to BMIM[Cl] separately in two 200mL beakers, heated up to 
90 °C and kept mechanical stirred for 1 hour prior to mutual mixing. The 
concentration of the solution was set to approximately 10 wt%. Stirred for 
another 24 hours followed by these two solutions mixing. The resulting 
homogenous viscous solution was casted onto plain glass plate, immersed into 
and washed several times with deionized water. A white piece of regenerated 
cellulose/PCL-PDMS-PCL blend film was obtained. The samples were air 
dried followed by a further 24 hours in vacuo prior to testing.  
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3.2.4 Cellulose/PVAL Blend Films Preparation 
Cellulose/PVAL blend film was obtained in a similar way as the above 
mentioned blend films. Mutual mixing of cellulose/BMIM[Cl] and 
PVAL/BMIM[Cl] solutions together achieves an approximately 10 wt% 
solution. The solution was mechanically stirred for one day to allow complete 
mixing. The resulting homogenous viscous solution was casted onto plain glass 
plate, immersed into ethanol bath to remove BMIM[Cl]. A white piece of 
regenerated cellulose/PVAL blend film was obtained after several ethanol 
washes. The samples were air dried followed by a further 24 hours in vacuo 
prior to testing.  
3.2.5 Cellulose/MMT Composite Films Preparation 
Cellulose/MMT composite films were prepared by mixing MMT/ILs solutions 
and cellulose/ILs solutions together. And the resulting cellulose/MMT 
composite films were precipitated by deionised water. Air and in vacuo drying 
were applied to the film gels in sequence before testing. 
3.2.6 Ionic Liquids Recovery 
Ionic liquids can be recycled and reused after precipitating blend films. The 
filtrate was composed of BMIM[Cl] and H2O (or ethanol for cellulose/PVA 
blend films). In order to recycle the ionic liquid, rotary evaporator was firstly 
employed to remove the deionised water (or ethanol) from BMIM[Cl]. The 
majority amount of water was removed by this procedure. Then freeze dryer 
was used to eliminate the trace water. The recycled BMIM[Cl] was used again 
as solvent for cellulose dissolution to study the recycle efficiency. 
The whole experimental process can be summarized as shown in Scheme 3.2- 
1. 
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Scheme 3.2- 1 Scheme of the experimental process
Ionic Liquids Reuse 
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3.3 Characterization 
3.3.1 Fourier Transform Infrared Spectroscopy 
(FTIR) 
FTIR spectra of the blend films were recorded on a Bruker Vetex-70 FTIR 
spectrometer. For in situ spectra acquisition, the specimen was set in a variable 
temperature cell (Scheme 3.3- 1), which was then placed in the sample 
compartment equipped with a deuterated triglycine sulfate (DTGS) detector. 
The films were pressed into KBr disks and dried in vacuo overnight before 
measurement. The transmission method at both room temperature and 80˚C 
were adopted. The spectra were recorded at average of 64 scans in the standard 
wave number range of 400–4000 cm-1 at a resolution of 4 cm-1. 
 
Scheme 3.3- 1 Sample holder (Left) and temperature controller (Right) for high 
temperature spectra 
3.3.2 Differential Scanning Calorimetry (DSC) 
A TA-DSC model Q200 instrument was used to determine melting temperature 
(Tm), crystallization temperature Tc and crystallinity of the crystallizable 
component in the blend films Xc (i.e. wt% of the crystallized component 
portion against the overall component in the system).  
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All the samples were undergone a standard heat-cool-heat measurement. The 
sample weight for all testing was among 5-10mg. The first heating scan was to 
erase the thermal history and to study the phase transitions for the as-
coagulated films. The controlled cooling scan gave a known thermal history to 
the testing samples. Second heating is used to measure the Tg and Tm for the 
reheated samples. 
Tm was taken as the endothermic peak position. Tc was evaluated from the 
exothermal peak position. And Xc was calculated from the peak area assuming 
that the heat of fusion for the perfect PCL crystal is 135J/g and 138.6J/g for 
theoretical 100% crystalline PVA138. The equation for Xc calculation139 was as 
following: 
%1000 '
' 
nf
f
c XH
H
X                                 (1) 
            ∆Hf  is the heat of fusion per unit gram; 
             
0
fH'  is the perfect crystal heat of fusion of the crystallisable  
component; 
              nX  is the weight percentage of the crystallisable component in blend 
materials. 
3.3.3 Non-isothermal Crystallization Kinetic  
The non-isothermal crystallization of crystallisable component in the blend 
films during cooling with constant rates is investigated by DSC. Ozawa theory 
and Tobin theory are both adopted for analyzing the crystallization kinetic of 
cellulose/PCL blend films. 
The following equation is for Ozawa model:  
log{-In[1-X(T)]}=logk*(T)-n logx 
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where X(T) is the relative crystallinity, k*(T) is the cooling crystallization 
function, n is the Avrami exponent, and x is the cooling rate140.  
The following equation is for Tobin model: 
 
where X(t) is the relative crystallinity as a function of time, nT is the Tobin 
exponent, kT is the Tobin crystallization rate constant141-143. 
3.3.4 Glancing-incidence Asymmetric Bragg 
Diffraction 
X-ray diffraction patterns were obtained from Panalytical X’Pert PRO 
diffractometer with Cu-Kα radiation (λ1=1.5406Å) at 40kV and 30mA. The 
recording range was 7-60˚ with a step size of 0.02˚ and a count time per step of 
2s on the parallel beam geometry. The samples are round shape films with 
13mm diameter. Glancing-incidence asymmetric diffraction (Scheme 3.3- 2) 
was applied in order to increase the path length through the sample films and 
decrease the X-ray penetration into the holder. The weak reflections are 
enhanced via this measurement. Thickness correction had been applied for the 
scattering curves. 
  
Scheme 3.3- 2 X-ray diffraction geometry for glancing incidence diffraction (Left) and 
path of a diffracted X-ray beam in GID (Right)144 
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3.3.5 Thermogravimetric Analysis (TGA) 
Thermogravimetric analyses (TGA) were performed on Netzsch STA 409 
thermogravimetric analyzer over a temperature range of 25-600 °C at a heating 
rate of 10 °C/min under nitrogen atmosphere. The nitrogen flow rate is 10 
ml/min for the furnace purging and 30 ml/min to shield the balance. The onset 
decomposition temperature Td is determined from the step tangent, which was 
taken as the onset of significant (≥0.5%) weight loss from the heated sample, 
after the moisture loss.  
First derivative of the TGA curves was used to determine the decomposition 
steps and maximum decomposition rate temperature during heating. The 
corresponding peak positions in the first derivative curves were regarded as the 
maximum decomposition rate temperature. 
3.3.6 Scanning Electron Microscopy (SEM) 
The morphology of the blends was examined with a Leica S440 scanning 
electron microscope (SEM) at an accelerating voltage of 20 kV. The cryo-
fractured surfaces were coated with thin layers of gold before the observation 
via gold deposition technique under Argon atmosphere. BAL-TEC SCD 050 
sputter coater (Scheme 3.3- 3) was used with a sputtering current of 40mA and 
a sputtering time of 120s.   
 
Scheme 3.3- 3 BAL-TEC SCD 050 sputter coater 
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3.3.7 Tensile Test 
The tensile properties of the blend films were analyzed using TA Q800 
dynamic mechanical analyzer in tensile mode with ramp force to 18N at a rate 
of 2.0N/min. The specimen was a thin rectangular strip (20× 4mm). The load-
displacement curves of the samples were obtained at room temperature. The 
stress and strain values were obtained using the standard equations as follows:  
Stress σ = ୊୅                       strain ε = 
ο୐
୐  
F: Loading force; 
A: Original specimen cross-sectional area; 
ο; Specimen displacement; 
L: Original specimen length. 
The samples were kept under vacuum at 60 ºC for one day before the tests and 
experiments were repeated with 5 samples of each composition.  
3.3.8 Nuclear Magnetic Resonance (NMR) 
Ionic liquid recycling efficiency was determined by 1H NMR spectroscopy. 
The spectra were recorded in a JEOL instrument operating at 270MHz in 
CDCl3 using TMS as the reference.  
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Chapter 4 Cellulose/Polycaprolactone Blend 
Films Regenerated from Ionic Liquid 1-Butyl-3-
Methylimidazolium Chloride 
4.1 Introduction 
Synthetic polymers have played an important role in the modern society. 
However, serious threat to the environment has also arisen due to the non-
biodegradable nature of plastics. Also the limitation of the landfill area further 
urges researchers to find more environmental friendly materials as alternatives 
to these plastics. For this reason, bio-based materials have increasingly become 
an attractive alternative since they are economic and environmentally friendly.  
Cellulose as the most abundant renewable source in nature is one of the 
tempting options as it is biodegradable and biocompatible. However the poor 
solubility of cellulose in water and many common solvents makes it difficult to 
process for wide range of applications. Solvent systems for cellulose such as 
Lithium chloride (LiCl) /N,N-dimethylacetamide (DMAc) 85-88,145, LiCl/N-
methyl-2-pyrrolidine (NMP) 94, LiCl/1,3-dimethyl-2-imidazolidinone (DMI) 95, 
DMSO/paraformaldehyde (PF) 96,97, N-methylmorpholine- N-oxide (NMMO)98, 
some molten salt hydrates99,100, and some aqueous solutions of metal 
complexes101,102 also confronted with various drawbacks such as volatility, 
toxicity and difficulty of recycle.  
Swatloski et al105 and Zhang et al146 reported the use of ionic liquid as simple 
and non-derivatizing single component solvent for cellulose. Pulp cellulose can 
be dissolved in 1-butyl-3-methylimidazolium chloride (BMIM[Cl]) up to 
concentrations as high as 25 wt%. In addition, ionic liquids exhibit advantages 
such as non-volatile, easy recycling, non-flammability, thermal stability, etc.. 
Based on these properties they have been referred as green solvents. However, 
ionic liquids have contentious properties in terms of their green image 
considering their synthesis methods and disposal difficulties. There are 
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currently many processes for the safe synthesis, recycle and reuse of ionic 
liquids147,148. 
Blending of polymers offers a simple and relatively less expensive way to 
develop novel materials with a number of valuable properties, such as 
enhanced mechanical properties, improved thermal behavior, etc. The 
miscibility and specific interaction of polymer blends have been of intensive 
interest due to strong economic incentives. In previous work of our laboratory, 
the natural wool/cellulose-based blends149,150 and cellulose/ poly (3-
hydroxybutyrate-co-3-hydroxyvalerate) blends137 were successfully prepared 
using BMIM[Cl]. In this study, we investigate the polymer blends of semi-
crystalline PCL and microgranular cellulose processed in BMIM[Cl]. As one 
of the most common polyesters, polycaprolactone (PCL) is an industrially 
important polymer that is linear aliphatic, partially crystallized and 
biodegradable. Glodberg151 summarized the biodegradability of PCL and its 
utility in a review published in year 1995. He also depicted the degradation 
mechanism of PCL with biodegradability study in a series of fungal growth, 
aerobic soil burial, compost and respirometry. Because of the biodegradability 
PCL is a promising substitute in biodegradable material field. Nishio et al152 
investigated the miscibility and dynamic mechanical properties of 
cellulose/PCL blends prepared from DMAc-LiC1 solvent system. They 
claimed that an amorphous phase existed in cellulose/PCL blends where 
limited amount of cellulose could be well mixed with PCL. 
There are many advantages of blending modification of cellulose especially 
with a biodegradable polymer such as PCL. Since both polymers are 
biodegradable, the final blend films are expected to also exhibit biodegradable 
behavior. The semi-crystalline nature of cellulose and PCL provide opportunity 
to study various phase behavior and crystalline morphology by varying the 
composition of the blend. There is a possibility of hydrogen bonding between 
the complimentary binding sites of cellulose and PCL and this will affect the 
blend morphology and other properties. These aspects all are the aim of this 
chapter’s work. 
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In this chapter, the miscibility, self-associated and inter-associated hydrogen 
bonds, crystallinity, thermal stability, mechanical properties and 
biodegradation behavior of cellulose/PCL blends were revealed by DSC, FTIR, 
XRD, TGA, SEM, tensile testing techniques and soil degradation experiment. 
The processing solvent BMIM[Cl] is recycled via mixing with water, purified 
by distilling water away from the mixture. The work in this chapter provides an 
effective way to obtain entirely biodegradable blends from natural or synthetic 
polymer materials using ionic liquid solvent. 
4.2 Materials 
The regenerated cellulose film was prepared according to the literature105,137. 
And the regenerated cellulose/PCL films were prepared as described in chapter 
3. The compositions were set to be 100/0, 95/5, 90/10, 80/20, 70/30, 60/40, 
40/60, 20/80, 0/100 cellulose/ PCL weight ratio, respectively. For recycling of 
the solvent BMIM[Cl], water is added to remove BMIM[Cl] from the blends, 
since BMIM[Cl] is completely miscible with water at any ratio. A white piece 
of regenerated cellulose/PCL blend film was obtained after the washing 
procedure. Photographs of selected dried cellulose/PCL blend films at different 
compositions are shown in Figure 4.2- 1. The pure cellulose film is completely 
transparent with excellent flexibility. By increasing the PCL content, the 
transparency decreased to translucent till absolutely opaque at 20/80 
cellulose/PCL blends. This may be due to the crystallization of PCL 
component. 
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Figure 4.2- 1 Photographs of cellulose/PCL blend films (From left to right: 100/0; 80/20; 
60/40; 40/60; 20/80 cellulose/PCL) 
4.3 Characterization 
4.3.1 Fourier Transform Infrared Spectroscopy 
(FTIR) 
FTIR spectra of cellulose/PCL blend films were recorded on a Bruker Vetex-
70 FTIR spectrometer. The films were grounded with KBr powder, pressed 
into round disk and dried in vacuo overnight before the FTIR experiment. The 
test temperatures were set to be both at room temperature and 80˚C. The 
spectra obtained at high temperature, which exceeds the melting point of pure 
PCL, exhibit the materials bond vibrations with PCL component at melting 
status. The crystallization of PCL is excluded for the materials at this stage and 
the PCL molecule is unconstrained to move. 
The mechanism of FTIR spectra application in molecular interactions 
analysing field for blend materials can be depicted as following. As it is well 
known, FTIR is a technique that use infrared portion of light beam to target 
testing samples, absorption at certain frequency will appear in the spectra while 
these frequencies of the absorbed radiation matches the bonds vibration 
frequencies. This frequency is dependent on the masses of the atoms, their 
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corresponding vibronic coupling and the atom environment around them. That 
is to say, for an appointed bond or group, the change of its atom environment 
will lead to a shift of the absorption frequency153. 
Researchs conducted on the topic of wavemumber shift phenomena related to 
hydrogen bond formation can be data back to the middle of 1900s154. Purcell 
and Drago reported their work on the theoretical calculations of observed OH 
group wavenumber shift of hydrogen bonded phenol samples, which was 
expected as a measure of energy change and interaction magnitude index. They 
claimed that this is a quantitative method for measuring the magnitude of 
hydrogen bonding interactions within the materials. The frequency would shift 
to lower value during hydrogen-bond formation between phenol and 
trimethylamine. The frequency difference occurred upon hydrogen bond 
formation can be expected as an index of the average strength of the 
intermolecular interactions. 
4.3.2 Differential Scanning Calorimetry (DSC) 
Thermal behaviors of cellulose/PCL blend films were investigated on a TA-
DSC model Q200 instrument. Heat-cool-heat measurement was adopted. All 
the samples were first heat to 100oC at a rate of 20oC/min, held for 5 mins to 
remove thermal history. The samples were then cooled to -80 oC at 20 oC/min, 
and subsequently heated again to 250 oC at 20 oC/min. Tm, Tc and Xc of PCL in 
the blends were obtained as described in chapter 3.3.2. 
The depression of melting point in blend materials is a prevalent method for 
determine miscibility of a polymer blend155. Tm value is determined by crystal 
type and size, dimensions of the unit cell, and thermodynamic interactions 
between the components as well. The nucleation and crystal growth rates may 
vary upon blending, so that the crystal size and the resulting crystallinity will 
change. For example, melting point depression will take place when a miscible 
and amorphous component is added in the blend, due to prevention of 
crystallization behaviour of the crystallisable portion. An equation was given 
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by Nishi and Wang156 for melting point depression calculation in terms of 
thermodynamic effects. 
 
Tm and Tm0 are equilibrium melting points of the blend and pure crystallisable 
component, respectively. R is the gas constant; V2u is the molar volume of 
repeating unit of the crystallisable component, while V1u is that of the 
amorphous component. ∆H2u is the heat of fusion per mole of repeating unit. m 
is the degree of polymerization, V2 is the volume fraction and χ12 is the 
polymer-polymer interaction parameter. 
From this equation, it is believed that melt point depression is taken place only 
if χ12 is a negative value. That is to say, the observation of melt point 
depression can be an indication of a miscible blend.  
4.3.3 Glancing-incidence Asymmetric Bragg 
Diffraction 
X-ray diffraction patterns were obtained as described in chapter 3.3.4. 
However, the scanning range for the samples in this chapter was set to a 
limited range from 7˚ to 28˚. The major merits for glancing-incidence 
asymmetric Bragg diffraction compared with conventional Bragg-Brentano 
parafocusing geometry are its enhanced reflection intensity signals and the 
elimination of substrate scatter within the amorphous glass region. The 
incidence angle for glancing-incidence Bragg diffraction is fixed and normally 
as low as 1˚ or even less. The parallel X-ray beam goes through sample for an 
increased length and the penetration of X-ray through the substrate is cut down 
dramatically144. The increased signal intensities will benefit the spectra 
analysis. 
(1) 
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4.3.4 Thermogravimetric Analysis (TGA) 
Thermal stabilities of the samples were studied via thermogravimetric analyses 
(TGA) that performed on Netzsch STA 409 thermogravimetric analyzer. The 
test was carried out as described in chapter 3.3.5. 
4.3.5 Scanning Electron Microscopy (SEM) 
The morphologies of as-coagulated blend films were examined with a Leica 
S440 scanning electron microscope (SEM) at an accelerating voltage of 20 kV. 
The cryo-fractured surfaces were coated with thin layers of gold before 
observation via gold deposition technique under Argon atmosphere. In 
addition, surface morphologies of the films after one month soil degradation 
were observed on JEOL Neoscope bench-top SEM at an accelerating voltage 
of 10 kV. The biodegraded samples were washed, dried and pre-coated with 
gold before observation. BAL-TEC SCD 050 sputter coater was used with a 
sputtering current of 40mA for sputtering time of 120s for both two 
observations. 
4.3.6 Tensile Test 
The tensile properties of the blend films were analyzed using TA Q800 
dynamic mechanical analyzer in tensile mode with ramp force to 18 N at a rate 
of 2 N/min. The tensile strength was taken the maximum value of stress before 
break. And the young’s modulus was the slope value that calculated from the 
initial, linear portion of the obtained stress-strain curves.  
4.3.7 Soil Degradation Test 
The biodegradation behaviors of cellulose/PCL blend films were verified by 
soil degradation experiment that carried out in a series of plastic boxes 
(18cm×12cm×5cm) in this work. The soil used for this biodegradation 
experiment was purchased from Scotts Australia Pty Ltd with a commercial 
name Osmocote® multipurpose potting mix. Cellulose/PCL blend films were 
cut into a size of 20mm×20mm. The weight of each sample were recorded 
57 
 
before bury (Labeled as m0). After that the films were buried in soil at a depth 
of 25mm from surface. The relative humidity was set to be around 45-50% and 
the temperature was at room temperature (Figure 4.3- 1). Water was sprayed 
every two days when necessary to maintain the relative humidity.  
 
Figure 4.3- 1 Soil degradation experiment set-up 
After one month, films were taken out and washed with water, dried to a 
constant weight (Labeled as md). Weight loss were measured and taken as an 
index for biodegradability of each corresponding sample. An equation was 
used for this weight loss determination.  
Weight loss% = [(m0-md) /m0]*100% 
SEM was also used to examine the morphology change after soil bury. 
4.3.8 Nuclear Magnetic Resonance (NMR) 
Spectroscopy 
Ionic liquid recycling efficiency was determined by 1H NMR spectroscopy. 
The spectra were recorded in a JEOL instrument operating at 270MHz in 
CDCl3 using TMS as reference.  
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4.4 Results and Discussion 
4.4.1 Hydrogen Bonding Interactions 
Miscibility of the components has great effect on the final properties of the 
polymer blends, while inter- and intra-molecular interactions dominantly 
controlled this aspect. Hydrogen bonding interaction is one of the most 
important interactions. The study of hydrogen bonding interactions in the 
cellulose/PCL blend system is of great significance.  
4.4.1.1 Hydrogen bonding system in cellulose 
Hydrogen bonding system in cellulose has been intensively studied by 
researchers157-161. Atomic resolution synchrotron and neutron diffraction were 
the most pervading adopted methods159. The hydrogen atoms position involved 
in hydrogen bonds within cellulose chains were identified from fourier 
difference analysis using neutron diffraction data collected from hydrogenated 
and deuterated samples157,159,162. Nishiyama et al.157,159 provide an in-depth 
description of hydrogen bondings in both cellulose Iα and Iβ. There is relatively 
strong O3-H•••O5 intra-chain hydrogen bonds, while no evidence of inter-sheet 
O-H•••O hydrogen bonds is found. In particular, each hydroxymethyl group of 
a given cellulose chain is partial involved in an intra-molecular hydrogen bond 
with the O2 atom of the adjacent glucosyl moieties of the same chain and 
partial engaged in an intermolecular hydrogen bond with another chain of the 
same sheet. For cellulose Iβ, the hydrogen bond pattern for O2 and O6 is 
intrinsic disorganized, while the intra-molecular hydrogen bond at O3 is well 
organized. On other hand, the hydrogen bond systems in cellulose Iα are 
disordered over two possible networks. A 3D network of hydrogen bonds in 
cellulose II was found by Langan et al.160 in 1999 via analysing neutron 
diffraction data. Wada et al.158 gives a powerful insight into the hydrogen-
bonding system in ammonia-mercerized cellulose III1. In detail, no hint of 
disorder is found in this hydrogen-bonding system, also, a bifurcated hydrogen 
bond links a donating secondary alcohol O3 atom major to a ring O5 atom and 
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minor to a primary alcohol O6 atom of an adjacent residue in the same chain 
were identified. Additionally, two hydrogen bonds are presented between 
neighbouring chains with an orientation perpendicular to the chain. The sketch 
of the crystal structure and hydrogen bonding systems of cellulose III1, 
cellulose II, cellulose Iβ and Iα are given in Figure 4.4- 1. 
 
Figure 4.4- 1 Hydrogen bonding systems in cellulose III1, cellulose II, cellulose Iβ and Iα 
down the chain axes directions. C, O and H atoms are represented as gray, red and white 
balls, respectively158 
4.4.1.2 Hydrogen bonding system in cellulose/PCL blend films 
We employed FTIR spectroscopy to study the specific interactions in 
cellulose/PCL blend films as the carbonyl and hydroxyl vibration can be 
regarded as an excellent tool for detecting these interactions. Figure 4.4- 2 
indicates that the shape of room temperature FTIR spectra (Figure 4.4- 2a) 
changes with the increase of PCL content, while the shape of spectra obtained 
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at temperature higher than the melting point of PCL (Figure 4.4- 2b) was 
constant. The carbonyl region of the spectra shows a peak at 1736 cm-1, 
corresponding to PCL amorphous state163. For further information about the 
shape changing of room temperature FTIR spectra, curve-fitting technique was 
adopted. 
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Figure 4.4- 2 Infrared spectra corresponding to the wavenumber region of 1650-1800 cm-
1of whole composition range cellulose/PCL blends at room temperature (a) and at 80˚C (b) 
Curve-fitting technique is an approach that mathematically creates individual 
peaks from a given curve and that sum of the individual peaks matches the 
original curve. In this work, OriginPro 8.5 software was used to carry out the 
FTIR curve fitting process, in which includes the choice of line shapes and 
baseline handling, the setting of width, height, peak number and position, and 
the minimization to achieve a good visual residual. The peak number should be 
within reasonable range that the individual peaks can be interpreted 
meaningfully in certain way, even though a large number of peaks can achieve 
a more perfect fitting but make no sense. 
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For semicrystalline polymers, the IR spectra can generally be split into two 
peaks corresponding to the amorphous and crystalline phases. Here, PCL is a 
typical semicrystalline polymer (α, ω-hydroxyl functionalized polymer), which 
leads to a more complex phase situation because of the end groups. Three 
carbonyl stretching regions were observed for PCL via curve-fitting technique 
as shown in Figure 4.4- 3a. The peaks at 1749cm-1, 1725cm-1 and 1690cm-1 
were attributed to amorphous, crystalline and hydrogen bonded carbonyl 
stretching, respectively. Meanwhile, there is no peak for regenerated cellulose 
in this region. If there is no specific interactions between these two 
components, there will not be any peak shifting. However, as mentioned in the 
former text, FTIR curves obtained at room temperature for cellulose/PCL blend 
films have shape change upon blending, indicating the existence of interactions 
between the two component polymers. Combining the experimental spectra 
with curve fitting technique, it is easy to notice the appearance of a new peak 
around 1685 cm-1(Figure 4.4- 3b), corresponding to the new hydrogen bonded 
carbonyl groups between PCL carbonyl groups and cellulose hydroxyl groups.  
 
Figure 4.4- 3 Experimental and curve-fitted FTIR spectra of the PCL carbonyl stretching 
region in cellulose/PCL blend films. Cellulose/PCL: (a) 0/100; (b) 95/5; black line: 
experimental spectrum; red line: curve-resolved spectrum; green lines: fitted peaks 
The curve-fitting results have been summarized in Table 4.4- 1. The new peak 
classified as peak 4 can reasonably be assigned to the carbonyl groups of PCL 
interacting with the hydroxyl groups of cellulose through hydrogen bonding. 
62 
 
This indicates there is hydrogen bonding in blends at compositions less than 
40wt% PCL. Moreover, the position for peak 1 that assigned for carbonyl 
vibration hydrogen bonded with PCL hydroxyl end group shift to higher 
frequency from 1690cm-1 to 1705cm-1, indicating this hydrogen bonding 
strength between PCL hydroxyl group and carbonyl group decreased. The 
frequency difference between the free carbonyl absorption and that of the 
hydrogen bonding species (∆ν) is a measure of the average strength of 
intermolecular interactions154. The position of peak2 for the PCL crystallized 
carbonyl group was constant. More importantly, the peak for the amorphous 
PCL carbonyl bands shifted to lower frequency further confirmed the 
interaction between regenerated cellulose and PCL. As the regenerated 
cellulose content increases, the amount of amorphous PCL carbonyl groups 
increases, deteriorating the intensity of crystallized carbonyl absorption, which 
hints that the regenerated cellulose lowers the PCL crystallinity. 
Table 4.4- 1 The fitted IR peaks in the carbonyl stretching region of cellulose/PCL blends 
via curve fitting technique 
Cellulose/PCL 
(wt%) 
Peak 1 
(cm-1) 
Peak 2 
(cm-1) 
Peak 3 
(cm-1) 
Peak 4 
(cm-1) 
100/0 - - - - 
95/5 1705 1726 1737 1687 
90/10 1706 1725 1737 1683 
80/20 1700 1725 1738 1685 
70/30 1700 1726 1738 1685 
60/40 1699 1726 1737 - 
40/60 1696 1727 1738 - 
20/80 1692 1728 1740 - 
0/100 1690 1725 1749 - 
Moreover, the peaks positions in high temperature FTIR curves are generally 
higher than those observed at room temperature as shown in Figure 4.4- 4. It is 
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believed that the frequency shifts towards higher values were resulted from the 
breaking down or weakness of self-associated hydroxyl bands and carbonyl 
groups at elevated observing temperature164.  
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Figure 4.4- 4 FTIR spectra of hydroxyl region (a) and carbonyl region (b) of 80/20 
cellulose/PCL blend film at room temperature (solid lines) and 80˚C (dash lines) 
For clarity, a sketch of hydrogen bonding interactions in regenerated 
cellulose/PCL blends is given in Figure 4.4- 5. 
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Figure 4.4- 5 Sketch of hydrogen bonding in cellulose/PCL blends 
4.4.2 Phase Behavior and Crystallization 
4.4.2.1 Crystalline form of cellulose 
Cellulose has six distinctive forms of crystalline165-168, cellulose I, II, III1, III11, 
IV1 and IV11. Their inter-conversion relationship was shown in Figure 4.4- 6. 
Kuga et al. identified cellulose I structure by silver labelling of the reducing 
ends of bacterial cellulose in 1988. The glucose chains are parallel orientated in 
this crystalline form169. While in cellulose II, the glucose chains are 
antiparallel. Furthermore, Atalla et al. found that cellulose I are composed of 
two distinct crystalline forms, cellulose Iα and Iβ170 from a detailed analysis of 
the carbon atom couplings observed in the solid state NMR spectrum.  
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Figure 4.4- 6 Interconversion of the polymorphs of cellulose161 
Figure 4.4- 7 presents the unit cell magnetic nonequivalences in the C-1, C-4 
and C-6 regions for cellulose Iα , Iβ and cellulose II. In the first place, the 
cellulose Iα form has singlets at C-1 and C-6, while in the second place, Iβ form 
has doublets at all these region. Additionally, cellulose II has doublets at C-1 
and C-4ˈbut singlet at C-6. Cellulose II is regarded as thermodynamically 
stable allomorph with an additional hydrogen bond per glucose residue171. 
 
Figure 4.4- 7 Comparison of the 13C CP-MAS spectrum of cellulose II and the derived 
spectra of cellulose Iα and Iβ170 
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Furthermore, cellulose III1 and III11 can reversibly converse from cellulose I 
and II as shown in Figure 4.4- 6, which possess a hexagonal unit cell. Besides, 
cellulose III1 and III11 can further converse into cellulose IV1 and IV11 but with 
limited conversion rate. It is believed that cellulose IV1 and IV11 are most 
possibly crystallized in orthogonal unit cell161. The most abundant form of 
cellulose in nature is polymorph I. However, it will transit to polymorph II 
irreversibly owing to its less thermodynamic stability via regeneration or 
mercerization. In this work, the cellulose was regenerated from ionic liquid 
BMIM[Cl], the polymorph of the obtained cellulose would undergoes a 
transition from cellulose I to cellulose II. This transition has been verified by 
XRD technique as shown in Figure 4.4- 12. The XRD curve for our pure 
regenerated cellulose film has four characteristic peaks (12.40˚, 14.77˚, 16.65˚ 
and 22.77˚), which are the combination of both cellulose I to cellulose II 
representative reflection peaks. However, the former three peaks are smears to 
certain degree, which is attributed to the damage of inter- and intra-molecular 
hydrogen bonds within cellulose after coagulation from BMIM[Cl] solution. 
Hence, large amount of amorphous cellulose exists. 
4.4.2.2 Phase behavior of cellulose/PCL blend films 
DSC was used to investigate the phase behavior and crystallization behavior of 
cellulose/PCL blends. In the first heating scan (Figure 4.4- 8), it is obviously 
observed that cellulose/PCL blends have melting point depression 
phenomenon, which is a characteristic feature of miscible polymer blends172. 
For pure PCL, the pronounced melting temperature is 66 oC, whereas the 
melting points of all blends are lower than this value. It indicated that a certain 
micibility between PCL and regenerated cellulose exists in the amorphous 
phase173. The broad melting peak for pure PCL at low temperature other than 
66 oC is the melting of less perfect PCL crystals, since its crystallinity is 62.7% 
as depicted later in Figure 4.4- 11. In addition, a shoulder peak for 20/80 
cellulose/PCL blend and a singular metling peak for 40/60 cellulose/PCL blend 
at around 54 oC are attributed to less perfect crystallizd PCL portion melt and 
recrystalize into higher ordered crystals174. 
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Figure 4.4- 8 Selected regions DSC curves of the first heating scan for cellulose/PCL 
blends 
As to the cooling scan, the crystallization behavior can be represented. In 
Figure 4.4- 9, crystallization temperature for the blends increased with 
increasing cellulose composition, which hinted the crystallization of PCL in the 
blends was affected by the addition of regenerated cellulose. Generally 
speaking, crystallization is a phase transition that is dominated by nucleation 
and crystal growth geometry175. The addition of regenerated cellulose has two 
different influences on PCL crystallization. On one hand, regenerated cellulose 
acts as a nucleating surface for PCL, which accelerates the crystallization of 
PCL. However, on the other hand, cellulose molecular chains also sterically 
restrict the PCL spherulitic growth, which hinders PCL crystallization. These 
two opposite effects compete and determine the final effect of regenerated 
cellulose on PCL crystallization together. Combined Figure 4.4- 11 and Figure 
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4.4- 18, the crystallinity and crystal size of PCL decreased sharply with the 
increasing of regenerated cellulose content. As shown in Figure 4.4- 11, pure 
PCL homopolymer is a partially crystallized polymer with a crystallinity of 
around 62.7%. Upon blending with cellulose, the crystallinity decreased 
sharply till 5.7% for 80/20 cellulose/PCL blend. In Figure 4.4- 18, the diameter 
of PCL spherulites was decreased from approximately 110-160 μm to 10-25μm 
with addition of 80 wt% cellulose. Furthermore, the crystallization temperature 
for the blends increased approximately 30% by addition of 80 wt% regenerated 
cellulose, indicating the crystallization rate increased176. Therefore it can be 
assumed that regenerated cellulose can facilitate the crystallization of PCL in 
these blends. 
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Figure 4.4- 9 Selected regions DSC curves of the cooling scan for cellulose/PCL blends 
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Figure 4.4- 10 Selected regions DSC curves of the second heating scan for cellulose/PCL 
blends 
In Figure 4.4- 10, DSC curves for melt-recrystallised samples are shown. We 
can see that after the removal of thermal history the endothermic peak positions 
all shift to low temperature compared with those as-coagulated ones. However, 
there still has a slight tendency of melting temperature depression with the 
increasing of cellulose content for compositions ranging from 60/40 to 90/10 
cellulose/PCL blends. It suggested partial miscibility of PCL with regenerated 
cellulose. The driving force for this miscibility is the hydrogen bonds between 
carbonyl groups of PCL and hydroxyl groups of cellulose. This result is well 
agreed with the FTIR data. 
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The thermodynamic data obtained by analysis of DSC curves are displayed in 
Figure 4.4- 11. Here the composition dependence of Tm and Tc together with 
the crystallinity of PCL is plotted against cellulose content in the blends. From 
the curves, we can readily see that the PCL Xc value decreases with an increase 
of cellulose and slight melting point depression phenomenon exists. The Tc 
value increases reversely to the tendency of Tm, indicating the crystallization of 
PCL molecular is facilitated by cellulose component in the cellulose/PCL 
blends. 
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Figure 4.4- 11 Experimental Tm (■) of as-coagulated samples, Tm (  ) of melt-recrystallized 
samples, Tc (  ) and crystallinity (  ) versus blend compositions for cellulose/PCL blends 
Glancing-incidence diffraction analyses were used to follow the evolution of 
PCL and cellulose structure and the results are given in Figure 4.4- 12. Pure 
PCL diffractograms show three characteristic reflections at 21.5°, 22.0° and 
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23.7° associated with the (110), (111) and (200) planes of the orthorhombic 
PCL lattice177. For regenerated cellulose, the characteristic peaks are 12.4˚, 
14.77˚, 16.65˚ and 22.77˚, which are the combination of both cellulose I and 
cellulose II representative reflection peaks146,178. However, the former three 
peaks are smears to certain degree, which is attributed to the damage of inter- 
and intra-molecular hydrogen bonds within cellulose after regenerated from 
BMIM[Cl] solution, indicating large amount of amorphous cellulose exists. In 
cellulose rich blends (PCL content less than 40 wt %), the characteristic 
diffraction peak 23.7˚ for PCL crystal is not pronounced. For PCL rich blends 
(PCL content more than 40 wt %), the XRD patterns are mainly attributed to 
PCL phase. The peaks for regenerated cellulose at these compositions can be 
neglected because of the weak intensity. For 60/40 cellulose/PCL blend, the 
intensity of the two reflection peaks for PCL (2θ=21.5˚ and 23.7˚) are abates to 
a very low extent. It is suggested that not only the cellulose chain sterically 
inhibits the crystallization of PCL, but also the hydrogen bonding interaction 
between cellulose and PCL restrains the movement of PCL molecules and even 
partially destroys the original crystalline structure of PCL, consequently 
decreases PCL crystallinity upon blending. The curve for 40/60 cellulose/PCL 
blend is just a summation of PCL and regenerated cellulose crystal patterns, 
indicating that PCL and cellulose can form individual crystal phases; they are 
two separate micro-domains in this composition. This result will be further 
discussed in the morphology section below. 
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Figure 4.4- 12 Glancing-incidence Diffraction Analysis of Cellulose/PCL Blend Films 
4.4.2.3 Non-isothermal crystallization kinetic for cellulose/PCL 
blend films 
Crystallization is an important subject for researchers to investigate its effect 
on final properties of the materials. More importantly, the size, dimension and 
distribution of crystallites generated during cooling process from melting state 
are key aspects that researchers focused on since these aspects would affect the 
final thermodynamic, spectroscopic, physical, mechanical etc. properties of the 
materials. Isothermal crystallization study is relative easy. However, 
investigation on isothermal crystallization has the limitation of idealized 
conditions, such as the neglect of instrumental lags and thermal gradients 
within the samples. During real crystallization, the external situations are 
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changing continuously, which makes the study of non-isothermal 
crystallization better suitable for the real industrial processes. 
For non-isothermal crystallization study, a host of methods have been founded 
based on the Avrami equation that is suitable for isothermal crystallization. 
Ziabicki theory179-181 contains the assumption of the non-isothermal process as 
a sequence of isothermal steps and the hypothesis that the nucleation and 
growth of crystals only monitored by thermal mechanisms. The demerit of this 
theory is the temperature limitation. Ziabicki theory can only apply to 
temperature range same as those of the isothermal crystallization. Nakamura et 
al.182 also reported a model for nonisothermal crystallization, but they neglect 
the effect of induction time. Ozawa theory140 is suitable for nonisothermal 
crystallization that has a constant cooling rate. It takes the effect of cooling rate 
on dynamic crystallization into account when modifying the Avrami equation. 
In this theory, secondary crystallization and the dependence of fold length on 
temperature have been ignored. Dietz183 proposed a model that takes the 
secondary crystallization into account. There are some works on nonisothermal 
crystallization study of PCL in the past, mainly using Ozawa theory184,185. 
However, in this work, Ozawa theory and Tobin theory are both adopted for 
analyzing crystallization kinetic of cellulose/PCL blend films since the PCL 
crystallization behaviors are quite complex upon blending with cellulose as 
discussed in former text. 
Take 60/40 cellulose/PCL blend film as an example, the dynamic cooling 
crystallization from melt at different cooling rates was presented in Figure 4.4- 
13. The crystallization temperature decreased when increasing the cooling rate 
due to the insufficient time for activation of nucleus184. 
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Figure 4.4- 13 Selected regions DSC curves of the cooling scan for 60/40 cellulose/PCL 
blend film at different cooling rates 
Application of Ozawa Model 
Ozawa model is based on Avrami equation but with the modifying of cooling 
rate effect. The following equation is the deriving equation for Ozawa model: 
log{-In[1-X(T)]}=logk*(T)-n logx 
where X(T) is the relative crystallinity, k*(T) is the cooling crystallization 
function, n is the Avrami exponent, and x is the cooling rate186.  
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However, Ozawa model is suitable for nonisothermal crystallization during 
continuous cooling from melting status at a constant rate without accounting 
for secondary crystallization. 
The relative crystallinity versus temperature plots have been shown in Figure 
4.4- 14, which present a similar curve shape at different cooling rates. The 
crystallization time for the lowest cooling rate process is the longest (4.36min), 
while the other two fast rates have shorter crystallization time. It is worth to 
notice that the crystallization time is shorter for 20˚C/min cooling rate than that 
for 30 ˚C/min process, which is quite abnormal. This may due to the athermal 
nucleation187 and homogeneous nucleation by cellulose addition, miscibility of 
the blend as well45. 
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Figure 4.4- 14 The cooling crystallization function of 60/40 cellulose/PCL blend film 
Figure 4.4- 15 illustrated the non-isothermal crystallization data log{-In[1-
X(T)]} versus logx. The data does not show a linear dependence, which can be 
attributed to the secondary crystallization existence, dependence of lamellar 
thickness on crystallization temperature and variation of Avrami’s exponent 
with crystallization temperature188.  
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Figure 4.4- 15 The plots of log{-In[1-X(T)]} versus logx for the dynamic cooling 
crystallization of 60/40 cellulose/PCL blend film 
Application of Tobin model 
Tobin gave a model for nonisothermal crystallization with the consideration of 
growth site impingement, which can be applied to quiescent crystallization 
processes that have both homogeneous and heterogeneous nucleation. The 
following equation is for Tobin model: 
 
where X(t) is the relative crystallinity as a function of time, kT is the Tobin 
crystallization rate constant, nT is the Tobin exponent, which is governed by 
the nucleation types and growth mechanism. 
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The Tobin exponent and crystallization rate constant were obtained from the 
data of slope and intercept of the least square line fitting plots of In{X(t)/[1-
X(t)]} versus In t (Figure 4.4- 16) and been summarized in Table 4.4- 2.  
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Figure 4.4- 16 Tobin plots of 60/40 cellulose/PCL blend film during nonisothermal 
crystallization at different cooling rates 
The Tobin rate constant obtained is increasing with the increase of cooling rate 
by order of magnitude, which indicates the elevation of crystallization rate by 
fast cooling. The Tobin exponent is not integral as the common Avrami 
exponent. Tobin143 has discussed this issue in his theory of phase transition 
kinetics with the consideration of growth site impingement. Heterogeneous 
nucleation with a first-order nuclei growth process can be the dominant 
crystallization mechanism for the Tobin exponent 3.7 case. Moreover, the 
nuclei are growing in three dimensions during this nonisothermal 
crystallization. However, it is very difficult to explain the other two processes 
crystallization mechanism simply by Tobin exponent. The values are too high 
that should not be accepted from a physical perspective, although other 
researchers also obtained similar high Tobin exponent data189,190. Therefore, 
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the crystallization of PCL is rather complex upon cellulose blending at low 
cooling rate nonisothermal crystallization process, which needs to take 
heterogeneous nucleation, homogeneous nucleation, athermal nucleation, blend 
miscibility and secondary crystallization into account.  
Table 4.4- 2 Data obtained based on Tobin model for nonisothermal crystallization of 
60/40 cellulose/PCL blend film 
Cooling rate 
(˚C/min) 
Tobin exponent 
nt 
Tobin rate constant 
(min-nt) 
5 7.1 3.16e-8 
20 22.7 7.66e-4 
30 3.7 3.14e-2 
The applicability of the Tobin model for 60/40 cellulose/PCL blend film 
nonisothermal crystallization has been tested by reconstructing of the relative 
crystallinity X(t) as the function of time (Figure 4.4- 17) for corresponding 
cooling rate based on the obtained Tobin parameters showed in Table 4.4- 2. It 
is obvious that the model generally give good fitting to the realistic 
experimental data. However, the fitting for 30 ˚C/min nonisothermal 
crystallization is worse than those of the lower cooling rate processes. This 
may due to the less severe impingement effect on crystallization kinetics at 
higher cooling rate. 
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Figure 4.4- 17 Relative crystallinity as a function of time for 60/40 cellulose/PCL blend 
film at different cooling rates (solid lines: theoretical data based on Tobin equation, 
scatters: experimental data) 
4.4.3 Morphology of Regenerated Cellulose/PCL 
Blends.  
Scanning electron microscopy was employed to study the morphology of the 
blends. In order to obtain the real images of component distribution, liquid 
nitrogen was introduced to get cryo-fractured surfaces. Swatloski et al.19 
reported that after regeneration of cellulose from BMIM[Cl], the morphology 
of the cellulose was significantly changed to a rough, but conglomerate texture 
in which the fibers are fused into a relatively homogeneous macrostructure. In 
general, the cellulose/PCL blends exhibit fine blend morphologies with 
dispersed PCL phase domains, which are spherical in shape. With the PCL 
content increasing, the dispersing domains expanded as well as the spherical 
diameter increases. For 80/20 cellulose/PCL blend (Figure 4.4- 18a), SEM 
image shows random small PCL beads distributed in the rough conglomerate 
texture with diameter range of 10-25μm. As to 60/40 cellulose/PCL blend, the 
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PCL beads become evenly distributing in the continuously regenerated 
cellulose matrix, the size for the beads are roughly the same as 80/20 
cellulose/PCL sample. PCL chains are confined to this small region by 
predominant amount of cellulose and are unable to form high ordered crystal 
structure, which result in less crystallinity and almost absence of PCL crystal 
pattern in corresponding XRD curve. By increasing the PCL content to 60 wt% 
of the total weight, the size of PCL beads increased to a range of 20-80 μm 
(Figure 4.4- 18c). Micro-phase separation is obvious and the regenerated 
cellulose domain is not as continuous as the 60/40 cellulose/PCL blend. The 
confinement of cellulose chains for PCL crystallization is weakened; hence 
both component crystal patterns are presented in XRD curve. Further increase 
the PCL content to 80 wt% of the total weight, the PCL spheres become 
dominant phase. An interesting phenomenon is that there are two main PCL 
sphere size, one is as large as 110-160 μm, while the other is as small as 6-20 
μm (Figure 4.4- 18d). It is obvious that surface of the bigger sphere is rough 
with worm-like texture on while the smaller ones with a rather smooth surface. 
The reason for this may be the regenerated cellulose coated on some of the 
PCL spheres to form bigger ones and some other PCL particles are left alone 
with the excess of PCL amount. This phenomenon is well matching the 
conclusion of what Manley et al. reported18. A limited amount of cellulose can 
well mixed with PCL especially at compositions containing 20 and 30 wt% 
cellulose. The melting behaviours for these two size beads are different. 
Combining the DSC data in Figure 4.4- 8, the shoulder peak at 54 ˚C can be 
assigned to the less developed crystal region and the corresponding content is 
relatively low resulting in the low intensity of this exothermal shoulder peak. 
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Figure 4.4- 18 Scanning electron micrographs of the cryo-fractured surfaces of (a) 80/20, 
(b) 60/40, (c) 40/60, and (d) 20/80 cellulose/PCL blends 
4.4.4 Mechanical Properties and Thermal Stability. 
The mechanical properties of cellulose/PCL blends were also investigated. 
Young’s modulus, tensile strength and elongation at break are all summarized 
in Table 4.4- 3. It is obviously seen that regenerated cellulose exhibit the 
highest tensile strength as well as Young’s modulus. As the PCL content 
increased, the tensile strength and elongation at break decrease dramatically. 
This may due to the incorporation of less strong PCL component into 
regenerated cellulose. For PCL rich blend film, the tensile properties are not 
able to be studied because of high brittle behavior. 
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Table 4.4- 3 The tensile properties of cellulose/PCL blends                                                        
The thermal stability of cellulose/PCL blends was examined by 
thermogravimetric analyses. The results are shown in Figure 4.4- 19 and it 
shows there are two active weight loss steps. The first step about 250 oC-300 oC 
due to the disassociation of intermolecular side chains; the second step round 
300 oC-600 oC corresponding to the chemical reactions between the main 
chains.191 The Td for regenerated cellulose is only 270 oC. The onset 
decomposition temperature for the blends first increase then decrease with the 
increasing of PCL content. At 60 wt% of PCL concentration, the material 
enhanced its thermal stability to 404 oC, which is around 30% improvement 
compared to neat cellulose. Combining with the former data, it is further 
revealed that there is intra-molecular interaction between regenerated cellulose 
and PCL which improves the thermal stability of the blends. 
Cellulose/PCL 
(wt%) 
Young’s modulus 
(GPa) 
Tensile 
strength 
(MPa) 
Elongation at break 
 (%) 
100/0 3.58±0.04 74.5±1.6 4.0±0.30 
 80/20 1.39±0.34 21.4±4.1  2.2±0.45 
60/40 2.48±0.65 15.2±2.5  1.1±0.28 
40/60 1.32±0.24 4.7±0.7  0.4±0.06 
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Figure 4.4- 19 TGA curves for cellulose/PCL blends
4.4.5 Soil Degradation of Cellulose/PCL Blend Films 
It is interesting to investigate the biodegradation of cellulose/PCL with the 
driving force of environmental benefit as alternative to plastic materials that 
induce pollutions. It is well known that PCL can be completely biodegraded 
with the assistance of certain kinds of microbes in nature environment22. The 
possible degradation mechanism for PCL includes two steps. In the first place, 
amorphous PCL phase degrades prior to crystallized portion. The crystallinity 
will increase in this stage while the molecular weight maintained. Then, ester 
bonds will break down resulting in the molecular weight decrease. Among this 
step, end chain scission and random chain scission may occur dependent on the 
85 
 
temperature. The degradation process may accelerate by PCL itself during 
hydrolysis, or via catalyzing with enzymes. In this work, the susceptibility of 
cellulose/PCL blend films to microbiologically affected degradation has been 
studied by indoor soil burial. 
The weight loss data were summarized in Table 4.4- 4. Data for 60/40 and 
80/20 cellulose/PCL films were omitted, since these samples are difficult to 
removing dirt. The soil particles are occluded inside the samples that lead to 
the weight loss value abnormal from common sense. A close look at such 
circumstance has been shown in Figure 4.4- 20. 
 
Figure 4.4- 20 Image for soil particles residue in 80/20 cellulose/PCL blend film after one 
month degradation after washing procedure 
It is apparent that all samples undergo a degradation process. Weight loss is 
more significant with the increase of cellulose component composition. Pure 
regenerated cellulose film was absolutely decomposed in soil, while pure PCL 
polymer only got 5% decomposed. The weight loss for 40/60 and 20/80 
cellulose/PCL blend film is 37% and 7%, respectively.  
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Figure 4.4- 21 Digital photos and SEM fractography images for pure PCL film before 
and after one month soil degradation 
 
Figure 4.4- 22 SEM micrographs of cellulose/PCL blend films (upper left: 80/20; upper 
right: 60/40; down left: 40/60; down right 20/80) after one month soil degradation 
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Surface of the original PCL homopolymer is quite smooth as shown in Figure 
4.4- 21. After one month soil burial, the surface becomes rough and irregular. 
The color of the sample also changed to yellow for some parts due to the 
microbiological biodegradation. Figure 4.4- 22 presents the surface 
morphologies of the rest samples after one month soil degradation. Smooth 
surface is hardly to see in cellulose rich samples, while fiber shape residue 
remains in the sample. The surface is increasingly coarse for cellulose rich 
samples. 
Table 4.4- 4 Weight loss of cellulose/PCL blend films after one month soil degradation 
Cellulose/PCL 
(wt%) 
Weight Loss 
After 1 
Month 
 
 
100/0 100% 
40/60 37% 
20/80 7% 
0/100 5% 
4.4.6 Ionic Liquid Recycle 
After precipitating cellulose/PCL blends from BMIM[Cl] with deionised water, 
the remaining filtrate was composed of BMIM[Cl] and H2O. In order to recycle 
ionic liquid, rotary evaporator was initially employed to remove the water from 
BMIM[Cl]. The majority amount of water was removed by this procedure. 
Then freeze dryer was used to eliminate the trace water. The resulting recycled 
BMIM[Cl] was a pale yellow solid (>99.5% recovered192), and its structure 
was confirmed by 1H NMR in CDCl3 solvent. From Figure 4.4- 23, we can see 
100% 
37% 
7% 5% 
100/0 40/60 20/80 0/100 
Weight loss versus blend 
compositions for cellulose/PCL 
blends  
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no change in the molecular structure of BMIM[Cl] after recycle. However, in 
general, 1H NMR is not sensitive to aprotic species such as anions like 
halogens, and the possible trace contaminants like heavy metals, amorphous 
carbons, dissolved gases, etc. Since the presence of these contaminates is not 
proved, the ionic liquid cannot be considered as completely recycled.  
However, we have used the recycled ionic liquid to further dissolve cellulose 
and it can be reused with an efficiency as high as 10 wt% as that of the original 
ionic liquid193. 
 
Figure 4.4- 23 1H NMR spectra for recycled BMIM[Cl]
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4.5 Conclusions 
In this study, cellulose/PCL blend films were successfully prepared using ionic 
liquid solvent BMIM[Cl]. The solvent was recycled in high yield and purity. 
The blends show partial miscibility between cellulose and PCL. A new peak 
region observed in FTIR curves of the blends with less than 40 wt% of PCL 
composition revealed the existence of hydrogen bonds between carbonyl group 
of PCL and hydroxyl group of cellulose. Crystallinity of the blends decreased 
dramatically with increasing of cellulose composition. Ozawa model and Tobin 
model were applied to analyze the nonisothermal crystallization behavior. 
However, none linear fit can be carried out for Ozawa model, which may due 
to secondary crystallization, dependence of lamellar thickness on 
crystallization temperature and variation of Avrami’s exponent with 
crystallization temperature. Tobin model fits well with the experimental data. 
The corresponding Tobin exponent and Tobin crystallization rate constant were 
derived from the In{X(t)/[1-X(t)]} versus In t plots at different given cooling 
rates. Moreover, PCL phase exhibited spherical domains structure which was 
dispersed in continuous regenerated cellulose matrix in SEM observation. The 
beadlike microdomain size enlarged from 6-20 μm to 110-160 μm with the 
increasing PCL content. The tensile strength and elongation at break of the 
blends were gradually decreased with increase in PCL concentration. The 
cellulose/PCL blend films all show biodegradability through soil degradation 
experiment.  
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Chapter 5 
Cellulose/PCL-PDMS-PCL Blend Films 
Regenerated from Ionic Liquid 1-Butyl-3-
Methylimidazolium Chloride 
5.1 Introduction 
Polysiloxanes have excellent surface modifying properties and low solubility 
parameters due to their large molar volumes, low cohesive energy densities and 
high chain flexibility. Therefore, it is immiscible with most other materials. In 
this class of polymers, poly (dimethyl siloxane) (PDMS) is a parent homo-
polymer and most widely used one. It has elastomeric nature and low glass 
transition temperature (around -120˚C depending on molecular weight), which 
makes it attractive as rubber toughening additive for polymer blends. However, 
it is not feasible to use PDMS pure polymer alone since it will be rejected from 
the matrix by blending194. An effective way to improve its compatibility is to 
form copolymers of siloxanes with carbon-based polymers195.  
Poly (ε-caprolactone) -block- poly (dimethyl siloxane) -block- poly (ε-
caprolactone) triblock copolymer (PCL-PDMS-PCL) is one of the 
representative copolymer that combines the surface modifying and toughening 
characteristics of PDMS with compatibilizing effects of PCL. The molecular 
structure of PCL-PDMS-PCL is shown in Figure 3.1- 3. It has been determined 
as lamellar crystal structure via transmission electron micrograph and X-ray 
diffraction. The core consists of PCL chains exhibiting the same crystal 
structures as PCL homo-polymer, these spherulites prefer to grow along 
crystallographic axis and the PCL crystalline stems are arranged 
perpendicularly to their lamellas, while the interlayer areas are amorphous 
containing PDMS block and PCL non-crystalline portion (Figure 5.1- 1)196. 
91 
 
Electron spectroscopy for chemical analysis indicates that the lower surface 
energy PDMS microdomains were segregated in the surface region to minimize 
the surface energy of the copolymer. The longer the PCL block, the higher the 
phase separation194. 
  
Figure 5.1- 1 Schematic models for possible molecular arrangements in the lamellar 
crystals of PCL-PDMS-PCL triblock copolymer196 
In the former chapter, cellulose/PCL blend films were prepared and 
characterized. The obtained films show significant enhancement of thermal 
stability compared to regenerated cellulose and exhibit partial miscibility due 
to the existence of hydrogen bonding interactions between cellulose and PCL 
components. The biodegradable cellulose/PCL blend films give various phase 
behaviour and crystalline morphology via changing the composition. However, 
the tensile properties are reduced upon blending increasing amount of PCL 
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compared with original cellulose films. In this chapter, PCL-PDMS-PCL was 
used to blend with cellulose in BMIM[Cl] with the aim of modifying the 
mechanical properties of cellulose. With the existence of elastomeric PDMS 
segment, PCL-PDMS-PCL is supposed to plasticize cellulose and this 
hypothesis is examined in this chapter. In addition, hydrogen bonds are existed 
in cellulose, homo PCL polymer and cellulose/PCL blend films. It is 
interesting to study the possibility of hydrogen bonds between cellulose and 
PCL segments in PCL-PDMS-PCL triblock copolymer. Furthermore, the host 
of phase behaviour and crystalline morphologies, especially the crystallization 
kinetic of cellulose/PCL-PDMS-PCL blend films are also worth extensively to 
explore.   
5.2 Materials 
The cellulose/PCL-PDMS-PCL blend films were prepared as illustrated in 
chapter 3.2.3. The compositions are 100/0; 95/5; 90/10, 85/15; 80/20 and 50/50 
weight ratio cellulose/PCL-PDMS-PCL, respectively. Photographs of each film 
are shown in Figure 5.2- 1. 
 
Figure 5.2- 1 Photographs of cellulose/PCL-PDMS-PCL blend films (From left to right: 
100/0; 95/5; 90/10; 85/15; 80/20) 
The actual percentage of the PCL and PDMS in the blend has been 
summarized in Table 5.2- 1. 
Table 5.2- 1 Real percentages (wt%) of the different blend constituent 
Cellulose/PCL-PDMS-PCL PCL(%) PDMS (%) 
100/0 0 0 
95/5 2.85 2.15 
90/10 5.7 4.3 
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85/15 8.55 6.45 
80/20 11.4 8.6 
50/50 28.5 21.5 
0/100 57 43 
5.3 Characterization 
The FTIR measurements of cellulose/PCL-PDMS-PCL blend films were 
performed on a Bruker Vetex-70 FTIR spectrometer at both room temperature 
and at 80˚C. The spectra were recorded at average of 64 scans in the standard 
wavenumber range of 400–4000 cm-1 at a resolution of 4 cm-1. 
Thermal characterization of the blend films was performed on TA-DSC model 
Q200 instrument. All the samples were first heat to 105oC at a rate of 
10oC/min, held for 3 mins to remove thermal history. Then cooled to -100 oC at 
-10 oC/min, and subsequently heated again to 200 oC at 10 oC/min. In addition 
for nonisothermal crystallization kinetic study, a slow and a fast scan were 
performed as well with the heat/cool/heat procedures at 5 oC/min and 30 
oC/min respectively in all the single scans. 
X-ray diffraction patterns were obtained from Panalytical X’Pert PRO 
diffractometer with Cu-Kα radiation (λ1=1.5406Å) at 40kV and 30mA. The 
recording range was 5-40˚ with a step size of 0.02˚ and a count time per step of 
2 s on the parallel beam geometry. 
Thermogravimetric analyses (TGA) were performed on Netzsch STA 409 
thermogravimetric analyzer over a temperature range of 25-600 °C at a heating 
rate of 10 °C/min under nitrogen atmosphere. 
The morphology of the blends was examined with a Zeiss Supra 55VPis 
scanning electron microscope (SEM) at an accelerating voltage of 5 kV. The 
cryo-fractured surfaces were coated with thin layers of gold before the 
observation via gold deposition technique under Argon atmosphere. BAL-TEC 
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SCD 050 sputter coater was used with a sputtering current of 40mA for a 
sputtering time of 120s. 
The tensile properties of the blend films were analyzed using TA Q800 
dynamic mechanical analyzer in tensile mode with ramp force to 18 N at a rate 
of 2 N/min. The specimen was a thin rectangular strip (20 × 4 mm). The load-
displacement curves of the samples were obtained at room temperature. 
5.4 Results and Discussion 
5.4.1 Phase Behaviour and Crystallization 
The phase and crystallization behaviour of cellulose/PCL-PDMS-PCL blend 
films were also characterized by DSC technique as those of cellulose/PCL 
blend system. It is well known that pure PCL-PDMS-PCL triblock copolymer 
exhibits a two-phase morphology, in which the glass transition temperature for 
PDMS phase is around -125˚C and the melting point for PCL phase is around 
55 ˚C197. In this work, a prominent endothermic peak at 59˚C is seen in the first 
heating scan and a bimodal natured melting peak (52˚C and 55˚C) is seen for 
the second heating scan of the pure PCL-PDMS-PCL sample, which is similar 
as those melting behaviour of PCL homopolymer that we studied in chapter 4. 
Other researchers have claimed that the bimodal nature of the PCL melting 
peak in copolymer is due to the presence of PDMS, which create a more 
mobile environment for PCL to crystallize198. 
However, the melting peak for the triblock copolymer in the first scan is 7˚C 
lower than that of neat PCL homopolymer, which may due to the low 
molecular weight for the PCL block in triblock copolymer. In addition, the 
bimodal nature can be explained by concurrent melting and recrystallization 
phenomenon or complex sample morphologies199. The melting points for the 
as-coagulated cellulose/PCL-PDMS-PCL blend films generally undergo an 
increase then decrease with the increasing of cellulose amount. The increase of 
melting points reveals the immiscibility between cellulose and PCL-PDMS-
PCL components, which are totally opposite from cellulose/PCL blend system. 
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Furthermore, multiple melting peaks are shown as in Figure 5.4- 1. Those 
peaks at lower temperature can be attributed to less perfect crystal melting. It is 
interesting to notice that there is only one endothermic peak for 95/5 
cellulose/PCL-PDMS-PCL blend film and the corresponding peak temperature 
is 1˚C less than pure PCL-PDMS-PCL sample, which is the characteristic 
feature for miscible blend. This conclusion will be further examined in the 
following section via other techniques. 
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Figure 5.4- 1 Selected region of DSC curves for the first heating scan of cellulose/PCL-
PDMS-PCL blend films 
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The cooling scan for the blend samples reveals the crystallization behaviour of 
cellulose/PCL-PDMS-PCL blend films from molten status. It is obvious to see 
that pure PCL-PDMS-PCL sample has the lowest crystallization temperature 
which is only 27˚C among all the tested samples (Figure 5.4- 2). The intensity 
of the crystallization peak decrease with increasing composition of cellulose, 
which is due to the decreased amount of crystallizable PCL constituent in the 
blend. Supercooling (∆Th), which can be expressed by the difference between 
melting and crystallization temperature of the samples, can be used to analyze 
crystallization rate of PCL constituent in the blend films200. The value of 
supercooling for pure triblock copolymer is in the range of 25-28˚C, while the 
values for cellulose/PCL-PDMS-PCL blend films are in the range of 15-17˚C. 
This decreased tendency indicates that the crystallization rates of PCL in the 
blend samples are higher than those in pure PCL-PDMS-PCL. The reason for 
this crystal growth acceleration can be attributed to the existence of an 
amorphous phase of regenerated cellulose. Regenerated cellulose plays a role 
as nucleation agent for blend samples. This result is in agreement with the first 
heating scan. It is concluded that the increase of melting points of blend 
samples indicates the immiscibility of the two components in blend samples. 
There will definitely have local dilution at the dispersed immiscible interface, 
which will actuate the thermodynamic driving force of crystal nucleation near 
the interface to enhance201. Hence, the rate of crystallization for the PCL 
portion in the blends increased. 
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Figure 5.4- 2 Selected region DSC curves for the cooling scan of cellulose/PCL-PDMS-
PCL blend films 
The enthalpies of PCL block melting in the blend films (∆Hf; J/g) are obtained 
through integration of melting peaks from the second heating scan, and these 
data are used to calculate the crystallinity of PCL segments in the blend via 
equation mentioned in chapter 3.3.2. The data for melting points, heat of fusion 
in second heating scan, crystallization temperature and enthalpies in cooling 
scan, supercooling and crystallinity of PCL segments in blend films are listed 
in Table 5.4- 1. The melting points for all the test samples in the second 
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heating scan are lower than those obtained in the first heating scan, which is 
due to the melt-recrystallization behavior152 (Figure 5.4- 3). Furthermore, the 
heat fusion enthalpies in the second heating scan are greater than the 
corresponding crystallization enthalpies in the cooling scan. This can be 
attributed to the recrystallization of pre-molten crystals, remelting of the 
recrystallized PCL crystals and further melting of the residual crystalline 
portions202.  
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Figure 5.4- 3 Selected region DSC curves for the second heating scan of cellulose/PCL-
PDMS-PCL blend films  
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The crystallinity shows a decrease tendency with increasing cellulose 
composition, except for 95/5 cellulose/PCL-PDMS-PCL blend film. 
Combining the melting point depression for 95/5 cellulose/PCL-PDMS-PCL 
blend film in the first heating scan, possible miscibility between cellulose and 
PCL-PDMS-PCL provides PCL chains more freedom to move and arrange into 
crystal other than those samples hindered by cellulose chains and confined in a 
limited region because of the immiscibility. Multiple melting peaks, that as 
seen in Figure 5.4- 3, are resulted from the premelting of original PCL crystals, 
recrystallization, remelting of the recrystallized PCL crystals and further 
melting of the residual crystals. It is neither due to the presence of two or more 
crystal modification or morphologies, nor due to two or more kinds of crystal 
lamellas with different stabilities, which are the most frequent cause for 
multiple melting behaviour other than melting, recrystallization and remelting 
of the original crystal lamellas203. This has been verified by the later XRD 
observation. 
Table 5.4- 1 DSC results for cellulose/PCL-PDMS-PCL blend films 
Cellulose/PCL-
PDMS-PCL 
Tm1 
(˚C) 
Tm2 
(˚C) 
Tm3 
(˚C) 
∆Hf 
(J/g) 
Tc 
(˚C) 
∆Th 
(˚C) 
∆Hc 
(J/g) 
Xc  
(%) 
100/0  - - - - - - - 
95/5  53.2 54.8 0.335 35.4 17.8 0.282 7.3 
90/10 51.3 52.8 54.6 2.774 35.2 17.6 2.629 34.2 
85/15 32.0 47.6 53.2 5.488 37.2 16.0 2.765 24.0 
80/20  38.1 52.5 6.447 36.5 16.0 3.718 24.2 
50/50  52.9 54.5 28.100 37.0 15.9 24.45 63.5 
0/100  51.8 55.0 57.240 27.3 24.5 55.67 72.3 
These results were calculated from cooling scan and the second heating scan. 
Bold data are the main peak values for PCL melting. 
Glancing-incidence diffraction analyses have been done to study the crystal 
structures of cellulose/PCL-PDMS-PCL blend films, and their spectra are 
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shown in Figure 5.4- 4. As is well known, pure PCL-PDMS-PCL triblock 
copolymer has four characteristic peaks at 2θ of 21.21˚, 21.85˚, 23.56˚ and 
29.92˚, which correspond to the (110), (111), (200) and (210) planes of PCL 
lattice, respectively. In addition, there is a broad peak centered at 
approximately 12˚ that assigned for the presence of PDMS segments in the 
triblock copolymer204. Furthermore, regenerated cellulose films displayed four 
characteristic peaks (12.4˚, 14.77˚, 16.65˚ and 22.77˚) that combined both 
cellulose I and cellulose II representative reflection peaks as illustrated in 
chapter 4. For 50/50 cellulose/PCL-PDMS-PCL blend films, the XRD curve is 
a summarization of both pure regenerated cellulose and PCL-PDMS-PCL 
representative reflect peaks, indicating coexistence of both kinds of crystals. 
However, for other composition samples, the peaks representing PCL-PDMS-
PCL are very weak and can hardly be seen, which may due to the low content 
of PCL blocks compared to the total amount of the blends. It is feasible to 
conclude that there is no two or more crystal modification or morphologies, or 
even two or more kinds of crystal lamellas with different stabilities for PCL 
blocks in the whole composition range of cellulose/PCL-PDMS-PCL blends. 
This result excludes the possible cause of multiple melting points that come 
from the above mentioned factors. 
101 
 
5 10 15 20 25 30 35 40
100/0
95/5
90/10
85/15
80/20
50/50
In
te
ns
ity
 (a
.u
)
2 theta / deg
Cellulose/ PCL-PDMS-PCL
0/100
 
Figure 5.4- 4 Glancing-incidence diffraction analysis of cellulose/PCL-PDMS-PCL blend 
films 
5.4.2 Hydrogen Bonding Interactions 
The structure of PCL-PDMS-PCL was observed via FTIR spectroscopy, as 
well as peak-fitting technique, which is shown in Figure 5.4- 5. PCL-PDMS-
PCL triblock copolymer is composed by soft segment of PDMS and hard 
segment of PCL, which display phase separation morphology. Five peaks in 
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carbonyl region were obtained, in which 1755cm-1 (peak 1) is assigned for 
amorphous carbonyl groups in PDMS-rich region; 1735 cm-1 (peak 2) is 
assigned for the amorphous C=O in PCL-rich region; crystallized C=O 
appeared at 1723 cm-1 (peak 3); the rest two peaks at 1708 cm-1 (peak 4) and 
1691 cm-1 (peak 5) are assigned to the hydrogen bonded C=O in PDMS-rich 
region and PCL-rich region, respectively205. 
 
Figure 5.4- 5 FTIR spectrum of pure PCL-PDMS-PCL in the region of carbonyl groups 
via peak-fitting technique 
FTIR spectroscopes for cellulose/PCL-PDMS-PCL blend films observed at 
room temperature were shown in Figure 5.4- 6. With the increasing 
composition of cellulose, the peak intensities in carbonyl region decreased 
gradually, which is due to the PCL weight ratio decrease in the blends. In the 
other hands, the intensities of peaks in hydroxyl region increased with the 
increasing of cellulose amount in the blends, since these peaks are associated 
with the hydroxyl groups mainly in cellulose chains. The amount of hydroxyl 
groups in the end of PCL chains can be neglect compared with those of 
cellulose molecular. Spectra for 95/5 cellulose/PCL-PDMS-PCL blend films in 
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both carbonyl and hydroxyl regions has new peaks, which can be attributed to 
the hydrogen bonds between cellulose and PCL blocks in PCL-PDMS-PCL 
triblock copolymer. The broad new peak centered at 1635 cm-1 in carbonyl 
region and two new single peaks located at 3152 cm-1 and 3103 cm-1 in 
hydroxyl region are the characteristic peaks for the hydrogen bonded C=O and 
O-H groups in PCL segments and cellulose chains, respectively206. The lower 
frequency peak is assigned to the hydrogen bonding between cellulose and 
PCL block in PCL-rich region, while the other one is assigned to that hydrogen 
bonding in PDMS-rich region. These results are in agreement with DSC data. 
The miscibility for 95/5 cellulose/PCL-PDMS-PCL blend films is due to the 
hydrogen bonding between the two components. A sketch of the hydrogen 
bonding interactions is given in Figure 5.4- 7. 
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Figure 5.4- 6 FTIR spectroscopy for cellulose/PCL-PDMS-PCL blend films at room 
temperature (a: carbonyl region; b: hydroxyl region) 
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Figure 5.4- 7 Scheme for the hydrogen bonding in cellulose/PCL-PDMS-PCL blend films 
Peak fitting techniques were adopted to investigate the peak shifting for 
cellulose/PCL-PDMS-PCL blend films in carbonyl region. The results are 
listed in Table 5.4- 2. Peak 1 shift to higher frequency with the increasing 
weight ratio of cellulose, indicating that upon blending with cellulose, the 
strong carbonyl dipole-dipole interactions for PCL in PDMS-rich region 
disrupted, or the blended cellulose acts as a inert solvent having dispersion 
effects207,208 for PCL blocks in PDMS-rich regions. The position of peak 2 and 
3 is kept almost constant, implying that the incorporation of cellulose hardly 
affect PCL-rich region. It is worth to notice that with the appearance of new 
peak for 95/5 cellulose/PCL-PDMS-PCL blend films, peak 4 and 5 were 
missing for this sample. This observation can be explained by the forming of 
hydrogen bonds between carbonyl groups of PCL block and hydroxyl groups 
in cellulose molecule, while disruption of those hydrogen bonds between the 
carbonyl groups and hydroxyl end groups within PCL chains. 
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Table 5.4- 2 Peak fitting results for cellulose/PCL-PDMS-PCL blend films in carbonyl 
region 
Cellulose/PCL-
PDMS-PCL 
(wt%) 
Peak 1 
(cm-1) 
Peak 2 
(cm-1) 
Peak 3 
(cm-1) 
Peak 4 
(cm-1) 
Peak 5 
(cm-1) 
New 
Peak  
(cm-1) 
100/0 - - - - - - 
95/5 1765 1735 1724 - - 1635 
90/10 1764 1735 1724 1709 - - 
85/15 1760 1735 1723 1708 1690 - 
80/20 1760 1735 1724 1710 1691 - 
50/50 1759 1734 1723 1708 1692 - 
0/100 1755 1735 1723 1708 1691 - 
The cellulose/PCL-PDMS-PCL blend films were also investigated by FTIR at 
80˚C that higher than the melting point of PCL blocks. The corresponding 
FTIR spectra were depicted in Figure 5.4- 8. Only one symmetric peak located 
at 1737 cm-1 was observed for C=O stretching in amorphous PCL state. This is 
quite similar to the observation for ER/PCL-PDMS-PCL blends reported 
before209. The characteristic peaks for hydrogen bonding between hydroxyl 
groups of cellulose and carbonyl groups in PCL chain blocks were still remain 
at this high temperature, but shifted to 3140 cm-1 and 3068 cm-1, respectively. 
However, other peaks shifted towards higher frequencies compared to room 
temperature data, which may due to the gradually molten PCL portion, 
allowing free chain mobility and chain conformation rearrangement, in turn, 
providing more accessibility for the inter-association sites for forming 
hydrogen bonds between cellulose and PCL-PDMS-PCL copolymer210. The 
frequency difference is larger than that of room temperature observation, 
indicating that the average strength of the hydrogen bond between cellulose 
and PCL-PDMS-PCL is enhanced. 
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Figure 5.4- 8  FTIR spectroscopy for cellulose/PCL-PDMS-PCL blend films at 80˚C (a: 
carbonyl region; b: hydroxyl region) 
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5.4.3 Non-isothermal Crystallization Kinetics 
As is well known, the crystallization behavior is an important aspect for 
polymers not only in research area but also in industry field. The crystallization 
mechanism may affect the thermal, mechanical, spectroscopic properties, etc. 
of the final polymer materials188. Moreover, non-isothermal crystallization is 
closer to the realistic application conditions. Thus, the study of non-isothermal 
crystallization kinetic of cellulose/PCL-PDMS-PCL blend films is of great 
importance. And it is interesting to compare these results with those of the 
cellulose/PCL blend films. The role of PDMS soft segments in the 
crystallization behaviour of the final blend films was illustrated in the 
following text.  
Non-isothermal crystallization exothermal curves of the 50/50 cellulose/PCL-
PDMS-PCL at three different cooling rates (5, 10, 30 ˚C/min) were shown in 
Figure 5.4- 9. The crystallization temperature decreased with increasing 
cooling rate from 39˚C during 5˚C/min cooling to 32˚C in 30˚C/min cooling 
scan. More importantly, only one exothermal peak was observed during scan, 
which is different with the bimodal nature of the cellulose/PCL blend films. 
This result indicates that the quicker of the cooling program, the time for 
activation of nucleus for crystallization is more insufficient211, and the 
perfection of the individual crystals in cellulose/PCL-PDMS-PCL blend system 
is similar. 
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Figure 5.4- 9 Selected regions DSC curves of the cooling scan for 50/50 cellulose/PCL-
PDMS-PCL blend film at different cooling rates 
Application of Ozawa Model 
Ozawa model was first applied to 50/50 cellulose/PCL-PDMS-PCL blend films 
crystallization. This model is based on Avrami equation, taking the cooling rate 
effect into account. According to Ozawa theory, the plots for log {-ln[1-X(T)]} 
versus logx should be straight lines. The slopes and intercepts are equal to the 
negative value of Ozawa exponent and logarithmic function of crystallization 
rate constant186. The equation for Ozawa model is as following: 
log{-ln[1-X(T)]}=logk*(T)-n logx 
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where X(T) is the relative crystallinity, k*(T) is the cooling crystallization 
function, n is the Avrami exponent, and x is the cooling rate. 
The relative crystallinity X(T) versus temperature curves obtained at three 
different cooling rates were shown in Figure 5.4- 10. It is obvious to see that 
the shapes for all these three curves were “S” shape. The correspond X(T) 
values at given temperature for slow scan is higher than those for quick scans. 
At slow scan condition, there is sufficient time for nucleus to activate, hence, 
for the same give temperature, the amount of activated nucleus during slow 
scan is more than those during quicker scan. In turn, relative crystallinity is 
larger. 
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Figure 5.4- 10 Plots of relative crystallinity versus temperature at different cooling rates  
Plots of log {-ln[1-X(T)]} versus logx for 50/50 cellulose/PCL-PDMS-PCL 
blend film non-isothermal crystallization are displayed in Figure 5.4- 11. The 
data only exhibit a good linear relationship as expected at first two 
temperatures. The value of ‘n’ is in the range of 1.0 to 2.0 at 24.5˚C and 25˚C. 
while k* is 22.68 (˚C/min)n. The n value indicates the nucleation type is 
athermal nucleation growing in fibrillar or lamellar dimension, or thermal 
111 
 
nucleation in one dimension212. The data for other temperatures do not obey 
this behavior, which implies that Ozawa theory is not totally suitable for the 
study of non-isothermal crystallization for 50/50 cellulose/PCL-PDMS-PCL 
blend films. 
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Figure 5.4- 11 The plots of log{-In[1-X(T)]} versus logx for the dynamic cooling 
crystallization of 50/50 cellulose/PCL-PDMS-PCL blend film 
Application of Tobin model 
Tobin theory extended the non-isothermal crystallization model with the 
consideration of growth site impingement during quiescent crystallization 
processes of both homogeneous and heterogeneous nucleation. The following 
equation is for Tobin model: 
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where X(t) is the relative crystallinity as a function of time, kT is the Tobin 
crystallization rate constant, nT is the Tobin exponent, which is governed by 
the nucleation types and growth mechanism. The plots of relative crystallinity 
versus crystallization time represent “S” shape and the time to achieve 100% 
crystallization is decreasing with the increase of cooling rate (Figure 5.4- 12). 
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Figure 5.4- 12 The plots for relative crystallinity versus time for 50/50 cellulose/PCL-
PDMS-PCL blend film 
Plots of the ln{X(t)/[1-X(t)]} versus ln t for non-isothermal crystallization of 
50/50 cellulose/PCL-PDMS-PCL blend films at three cooling rates (5, 10, 
30˚C/min) were shown in Figure 5.4- 13. The value of Tobin crystallization 
rate constant and Tobin exponent is obtained from the intercept and slope of 
the linear fitting curves and list in Table 5.4- 3. It can be seen from Figure 5.4- 
13 that the plots at all cooling rate composed of two stages, including the initial 
linear portion and later deviated linear portion. The later stage is due to the 
spherulite impingement190. Tobin exponent is 1.1 for both 5˚C/min and 
10˚C/min process, while increased to 1.9 for 30˚C/min process. This result 
suggests that the crystal growth changes from one dimensional to two 
dimensional behaviors. 
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Figure 5.4- 13 Tobin plots of 50/50 cellulose/PCL-PDMS-PCL blend film during 
nonisothermal crystallization at different cooling rate 
 
Table 5.4- 3 Data obtained based on Tobin model for nonisothermal crystallization of 
50/50 cellulose/PCL-PDMS-PCL blend film 
Cooling rate Tobin exponent 
nt 
Tobin rate constant 
(min-nt) 
5˚C/min 1.1 0.13 
10˚C/min 1.1 2.69 
30˚C/min 1.9 42.10 
 
5.4.4 Morphology 
Pure PCL-PDMS-PCL triblock copolymer is believed to be a lamellar 
morphology that has PDMS-rich spherical domains dispersed between PCL–
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rich crystalline lamellar. The actual size of the spherical domains can be related 
to molar mass by the following equation: 
 R = 1.33 a kMn1/2             
where R is the domain radius (in Angströms) for a spherical domain, a and k  
are constants for each respective polymer (for PDMS a = 1.2 and k = 880x10-
3), and Mn is the molar mass of the spherical domain forming segment213. And 
for our PCL-PDMS-PCL, the calculated PDMS domain size should be 8.1~8.9 
nm. 
SEM images for the whole composition range cellulose/PCL-PDMS-PCL 
blend films are shown in Figure 5.4- 14. 95/5 and 90/10 cellulose/PCL-PDMS-
PCL blend film exhibit heterogeneous phase with spherical PCL-PDMS-PCL 
particles sized from 4μm to 10μm dispersed in continuous cellulose matrix. 
The size of the particles was further enlarged and holes started to appear in the 
morphology for 85/15 cellulose/PCL-PDMS-PCL blend film. It is interesting to 
observe honeycomb-like structure for 80/20 cellulose/PCL-PDMS-PCL blend 
film with the holes size ranging from 3μm to 20μm. Further increase the 
triblock copolymer content, the morphology become continuous again with 
rough texture. 
116 
 
 
 
Figure 5.4- 14 SEM images for the cellulose/PCL-PDMS-PCL blend films. 
5.4.5 Tensile Properties and Thermal Stability 
Typical stress-strain behaviour measurement for cellulose/PCL-PDMS-PCL 
blends was carried out and the corresponding tensile property results, e.g.: 
Young’s modulus, elongation at break and ultimate tensile strength, were 
summarized in Table 5.4- 4. Although the tensile strength was weakened 
gradually upon blending with PCL-PDMS-PCL triblock copolymer, the 
elongation at break achieved certain improvement for 90/10 cellulose/PCL-
PDMS-PCL blend sample. However, the change for elongation at break does 
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not obey a single rise or drop trend with increasing triblock copolymer content. 
PCL-PDMS-PCL triblock copolymer can provide certain plasticizing property 
upon blending with cellulose. This result is different with what we got for 
cellulose/PCL blend system that we discussed in chapter 4. 
Table 5.4- 4 Tensile properties of cellulose/PCL-PDMS-PCL blend films 
Cellulose/PCL-
PDMS-PCL blend 
films 
Young’s modulus 
(GPa) 
Tensile strength 
(MPa) 
Elongation at break 
(%) 
80/20 1.29±0.19 9.5±1.3 1.0±0.44 
90/10 0.47±0.14 13.2±2.7 4.8±0.68 
95/5 1.83±0.05 23.4±3.8 3.2±0.88 
100/0 3.58±0.04 74.5±1.6 4.0±0.30 
 
Thermal stabilities of cellulose/PCL-PDMS-PCL blend films at whole 
composition range were obtained via TGA technique. And curves for 
decomposition under nitrogen atmosphere were shown in Figure 5.4- 15. It is 
clear that the decomposition consists of two stages for the blend samples. The 
former degradation, whose maximum decomposition rate temperature ranged 
from 285˚C to 365˚C, is assigned to the cellulose chain scission; while the later 
stage maximum decomposition temperature in the range of 365~415˚C is 
assigned to the PCL-PDMS-PCL chain scission. The thermal stability is 
improved by incorporation of triblock copolymer, since the bond dissociation 
energy of Si-O group is higher than those for C-C or C-O214. In addition, the 
residual weight after 600˚C heating is generally decreased with the increasing 
content of PCL-PDMS-PCL. This is resulted from the structure of PDMS 
block, which leaves only cyclosiloxanes as the final decomposition products215. 
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Figure 5.4- 15 TGA curves for cellulose/PCL-PDMS-PCL blend films 
5.5 Conclusions 
Cellulose/PCL-PDMS-PCL blend films were successfully prepared from ionic 
liquids, BMIM[Cl]. It exhibited immiscibility from the observation of melting 
temperature increasing phenomenon except for 95/5 cellulose/PCL-PDMS-
PCL blend sample. Spherical particles with the size 4μm to 10μm were 
dispersed in cellulose matrix in 5wt% and 10wt% PCL-PDMS-PCL blends. 
While for 20wt% triblock copolymer, the morphology changed to honeycomb-
like structure. Hydrogen bonding between hydroxyl group of cellulose and 
carbonyl group of PCL block in PCL-PDMS-PCL triblock copolymer were 
found in 95/5 cellulose/PCL-PDMS-PCL blend film via FTIR data with the 
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appearance of new peaks both in hydroxyl region and carbonyl region. 
Increasing the observation temperature, the frequency difference value reflects 
that the strength for such hydrogen bonds between cellulose and PCL-PDMS-
PCL enhanced. Such hydrogen bonds can be expected as driving force for the 
miscibility of 95/5 cellulose/PCL-PDMS-PCL blend film. Crystallization rate 
of PCL in the blends is higher than that in pure PCL-PDMS-PCL. Cellulose 
acts as nucleation agent during crystallization. The crystallinity decreased 
gradually with increasing cellulose content, except for the 95/5 cellulose/PCL-
PDMS-PCL blend sample. XRD curves show both characteristic peaks for 
cellulose and PCL-PDMS-PCL with no peak shifting. Non-isothermal 
crystallization was analysed by DSC at three different cooling rates. Ozawa 
model was only suitable at low temperatures with the Ozawa exponent in the 
range of 1.0 to 2.0. In addition, Tobin theory suggested that PCL crystal 
growth changed from fibrillar dimension to lamellar dimensions. It is also 
found out that PCL-PDMS-PCL can plasticize cellulose by certain weight ratio 
and the thermal stability was enhanced compared to pure cellulose.  
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Chapter 6 Cellulose/Poly (vinyl alcohol) Blend 
Films Regenerated from Ionic Liquid 1-Butyl-3-
Methylimidazolium Chloride 
6.1 Introduction 
As formerly mentioned in chapter 4 and 5, cellulose based blend films that 
regenerated from BMIM[Cl] provides an alternative option in dealing with 
plastic pollution. There is hydrogen bonding interaction between hydroxyl 
groups in cellulose and carbonyl groups in PCL chians. However, from the 
morphology study and FTIR observation, there is only partial miscibility 
between those two components which affects the final properties of the blend 
films. In this chapter, cellulose and poly (vinyl alcohol) (PVAL) were blended 
in ionic liquids to form film materials. The abundant amount of hydroxyl 
groups along flexible PVAL backbone chains were expected to enable the 
formation of hydrogen bonding networks among cellulose and PVAL and 
further facilitate the miscibility of the final blend films. 
PVAL is the top output petroleum based polymer in the world. However, it is a 
biodegradable and biocompatible synthetic material that can be completely 
biodegraded to water and carbon dioxide when buried in soil with the help of 
microorganism action216. PVAL has the feature of easy film formation, high 
hydrophilicity and ability of crosslink, which is due to the existence of 
hydroxyl groups in the side chain along the carbon backbones. 
Blends based on PVAL have been reported by other researchers. Kesel et al217 
investigated PVAL/PCL blends via DSC, optical microscopy and NMR 
techniques. Phase separation is observed for the molten state of the PCL/PVAL 
blends, while compatibility between these two components in solid state was 
found out through solid state NMR test with cross polarization technique. 
Starch/PVAL blend films218,219, hydroxypropyl methyl cellulose/PVAL blend 
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microspheres220, PVAL/halloysite nanotubes bionanocomposite films216, 
crosslinked chitosan/PVAL blends221,  esterified banana trunk fibers/PVAL 
blend film222 and so on were also prepared in the aim of sustainable 
development. Nishio and Manley86,223 have intensively studied cellulose/PVAL 
blends that casted with N, N-dimethylacetamide-lithium chloride solution. And 
they concluded that cellulose/PVAL blends prepared were not a totally 
miscible system, but with a degree of partial miscibility for the cellulose/PVAL 
blend with the composition ranging from 0/100 to 60/40. Interactions between 
the two components were evidenced by melting point depression and the 
calculated thermodynamic interaction parameter X12 was a negative value, 
which further confirms the presence of hydrogen bonding between cellulose 
and PVAL. 
In this chapter, cellulose/PVAL blend films regenerated from BMIM[Cl] were 
prepared and characterized by DSC, FTIR, XRD, SEM and TGA techniques. 
The molecular interactions, miscibility, crystallinity and thermal stabilities 
were studied intensively. 
6.2 Materials 
The cellulose/PVAL blend films were prepared as described in chapter 3.2.4. 
The composition for the blend films were 0/100, 10/90, 20/80, 30/70, 40/60, 
50/50, 60/40, 70/30, 80/20, 90/10, 100/0 cellulose/PVAL weight ratio, 
respectively. 
6.3 Results and Discussion 
6.3.1 Thermal properties 
DSC technique was used to investigate the thermal properties of 
cellulose/PVAL blend films here. Crystallization temperatures, glass transition 
temperatures and melting temperatures were obtained from cooling scan and 
second heating scan, respectively. Relative crystallinity for each composition 
was calculated based on the following equation˖ 
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Where Xn is the weight ratio of PVAL in the blend films; ∆Hf is the heat fusion 
of PVAL component that can be obtained from the value of endothermic peak 
area of second heating scan; 0fH'  is the heat fusion of 100% crystalline form 
of PVAL, and Nishio et al. reported this value to be 141.9J/g223. The DSC 
results were listed in Table 6.3- 1. 
Melting point depression is significantly occurred during second heating scan 
as shown in Figure 6.3- 1. The melting point for pure PVAL film is around 
223.1˚C, while drop to 176.8˚C when the cellulose content reach 60wt% of the 
whole blend film. This 21% depression of melting temperature is a 
characteristic feature of miscible polymer blend that has polymer/polymer 
interactions between the components. The chemical potential of PVAL is 
gradually decreased with increasing blending content of cellulose. The 
theoretical model for the relationship of melting point depression for 
crystallisable component and existence of miscible component in polymer 
blend has been hypothesised by Nishi and Wang156 and Painter and Coleman224 
et al. Melting point depression is commonly believed to be resulted from two 
aspects in morphological and thermodynamic point of view. Crystalline size, 
perfection and crystal thickness are the major morphological aspects that may 
affect the melting points of the polymer blends225. 
In this work, the crystallization temperature for cellulose/PVAL blend films 
was gradually decreased with addition of cellulose composition (Figure 6.3- 2), 
indicating the incorporation of cellulose component into crystallisable PVAL 
component lowered the supercooling degree of PVAL to crystallize. The 
crystallization behaviour of PVAL is accelerated by the presence of 
regenerated cellulose. Cellulose molecule was expected to be the nucleation 
agent during PVAL crystallization. However, the crystallinity of PVAL in the 
blend films was decreased with increasing content of cellulose from 57.0% for 
pure PVAL to 18.1% for 60wt% cellulose addition. The intensity of 
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crystallization peaks for each composition was also followed a decrease trend 
as cellulose component increased, which is due to the decreasing amount of 
crystallisable component amount in the whole blend films. The crystalline 
types for all cellulose/PVAL blend films were examined by XRD technique in 
the following section. 
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Figure 6.3- 1 Selected region of second heating scan DSC curves for cellulose/PVAL blend 
films 
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Figure 6.3- 2 Selected region of cooling scan DSC curves for cellulose/PVAL blend films 
Table 6.3- 1 DSC results for cellulose/PVAL blend films  
Cellulose/PVAL Tg 
 (˚C) 
Tm  
(˚C) 
Tc 
 (˚C) 
Supercooling 
(∆Th) 
∆Hf 
(J/g)* 
Xc 
(%) 
0/100 76.3 223.1 149.5; 
201.7 
21.4 80.83 57.0 
10/90 79.9 213.0 193.2 19.8 60.24 47.2 
20/80 83.5 210.3 192.0 18.3 53.01 46.7 
30/70 84.3 197.9 179.8 18.1 45.95 46.3 
40/60 87.1 185.1 168.4 16.7 30.91 36.3 
50/50 87.4 179.5 165.9 13.6 25.13 35.4 
60/40 87.8 176.8 163.7 13.1 10.27 18.1 
*   0
fH'  (100% crystalline PVAL)=141.9J/g 
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Tg is an important data to reflect the miscibility information for polymer blend 
samples. It is believed that glass transition behavior represents the molecular 
rearrangement in supercooled polymer liquid state. Only a single Tg that 
situated between those values for indivudual pure polymers was marking signal 
of miscible polymer blends, while two Tg values appeared in immiscible 
polymer blends226. According to the reference data, the Tg value for cellulose 
was in the range of 200~260 ˚C227-229. In our work, the Tg data for regenerated 
cellulose was not observed, which may due to the low intensity of glass 
transition in regenerated cellulose that our DSC machine was not sensitive in 
that range. However, the Tg data for pure PVAL and cellulose/PVAL blend 
films were obtained. For pure PVAL films, the Tg is 76.3˚C. For 10wt% 
cellulose addition, the Tg value increases to 79.9˚C. With 20wt% cellulose 
addition, the Tg value increases to 83.5˚C. Further increase the cellulose 
composition, the glass transition temperature increased correspondingly. The 
composition dependent Tg behavior of polymer blends have been discussed by 
numeruous researchers, such as Gordon and Taylor230, Couchman and 
Karasz231, Kovacs and Braun232, Kwei233, Fox234, Sathigari235 and Breckner236 
et al. Great deal of equations were proposed, Fox and BCKV equations were 
adopted to analyse the composition-dependent Tg and inter- and intra-
component interactions in this work. The detailed expression of Fox and 
BCKV equation, as well as the meaning of each parameters were descripted as 
following: 
Fox Equation234: 
 
BCKV Equation235: 
 
(1) 
(2) 
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Tg is the glass transition temperature obtained for cellulose/PVAL blend films; 
φ1 is the weight ratio of cellulose in cellulose/PVAL blend films; 
Tg,1 is the corresponding glass transition temperature of cellulose film; 
Tg,2 is the corresponding glass transition temperature of pure PVAL film; 
a0 represents differences between the interaction energies of the hetero 
(intercomponent) and homo (intracomponent) interactions; 
a1 gives information on the strength and relative importance of conformational 
entropy changes; 
a2 provides details about maximal system’s complexity and the presence of 
strong asymmetric effects, such as composition-dependent variations of the 
excess mixing volume. 
The plots for Tg vs cellulose weight ratio and their Fox and BCKV fitting are 
shown in  
Figure 6.3- 3. In addition, the obtained BCKV parameters were listed in Table 
6.3- 2. It is clearly seen that the experimental data give great negative deviation 
from Fox equation fitting when the cellulose composition larger than 20wt%, 
while BCKV equation gives excellent fitting for the experimental data with the 
coefficient of determination R2 value of 0.9991. This great negative deviation 
from Fox equation (a0=-205.4±3.9<0) indicated that the total interaction energy 
between cellulose and PVAL components (intramolecular interactions) is lower 
than those sum value for cellulose-cellulose and PVAL-PVAL intermolecular 
interactions237. The PVAL molecular may attribute plasticization effect to 
cellulose, the difference between experimental Tg data and Fox equation fitting 
data can be regarded as an index for the strength of hydrogen bonding 
interactions between cellulose and PVAL chains238. 
The glass transition temperature of cellulose/PVAL blend films increased at all 
compositions compared to pure PVAL. There are intra-component interactions, 
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which are hydrogen bondings between the hydroxyl groups of both cellulose 
and PVAL, that linked the two components together and further restricted the 
mobility of PVAL molecular chains. This effect will inhibit PVAL from 
crystallization, which acts opposite to the effect of cellulose existence as 
nucleation agent during PVAL crystallization239. The final crystallization 
behavior of PVAL component is the competitive result of hydrogen bonding 
factor (impede PVAL from crystallizing), cellulose nucleation agent factor 
(accelerate PVAL crystallization) and lower local volume concentration factor 
when blending with cellulose (prevent PVAL from crystallization). 
The increasing of Tg data upon blending cellulose with PVAL indicated 
miscible cellulose and PVAL amorphous regions in cellulose/PVAL blend 
films. Combined the melting point depression observed in second heating scan, 
the miscibility between cellulose and PVAL components was confirmed. This 
conclusion is similar with those of Nishio et al. reported in DMAc-LiCl 
solution system86,223. FTIR technique was adopted to further verify this 
conclusion. 
Table 6.3- 2 Curve fitting results for BCKV equation applying to cellulose/PVAL blend 
film system 
BCKV parameters Cellulose/PVAL Blend Film system 
a0 -205.4±3.9 
a1 251.2±6.6 
a2 -162.7±18.0 
a0/∆Tg -1.66±0.03 
a1/∆Tg 2.03±0.05 
R2 0.9991 
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Figure 6.3- 3 Experimental data, Fox and BCKV fitting curves of Tg vs cellulose weight 
ratio in cellulose/PVAL blend films 
6.3.2 Spectroscopic Evidence of Hydrogen Bonding 
Interactions between Cellulose and PVAL 
FTIR spectroscopy technique was used to determine inter- and intra- molecular 
interactions in cellulose/PVAL blend films. For pure PVAL film, a weak and 
broad peak located at 1745 cm-1 is assigned to the C=O stretching of 
unhydrolyzed residual ester group of original precursor polymer, which is 
among our 99+% hydrolyzed PVAL crystalline polymer240. Characteristic 
peaks in the region of 2850~3000 cm-1 are assigned to the C-H stretching band. 
Moreover, in the hydroxyl group stretching vibration region, Peak fitting is 
utilized for FTIR spectroscopy of PVAL to distinguish the characteristic peaks 
for free O-H group (3358 cm-1), O-H group hydrogen bonded with O-H group 
(3202 cm-1) and O-H group hydrogen bonded with residual C=O group (3029 
cm-1), respectively. When blending with cellulose, the peak for self-associated 
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O-H group shifted to higher frequency. The peak for non-associated O-H group 
also undergoes an upward shifting, which indicates the existence of hydrogen 
bonding between cellulose and PVAL components. The hydrogen bonding 
interactions between the hydroxyl groups for PVAL were weakened or 
destroyed upon blending with cellulose, which is in agreement with the results 
obtained from Tg data in the former section. The strength of hydrogen bonding 
interactions between cellulose and PVAL components is weaker than those 
among PVAL-PVAL or cellulose-cellulose. The strength of hydrogen bonding 
for pure cellulose is the highest value. Hydrogen bonding interactions between 
hydroxyl group of cellulose and hydroxyl group of PVAL molecular are 
believed to be driving force of the miscibility of cellulose/PVAL blend films. 
A representative scheme of hydrogen bonding network within cellulose/PVAL 
blend film system is presented in Figure 6.3- 5 for clarity.
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Figure 6.3- 4 FTIR spectroscopy for cellulose/PVAL blend films in hydroxyl group 
stretching region  
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Figure 6.3- 5 Scheme for the hydrogen bonding in cellulose/PVAL blend films 
6.3.3 Morphology of Cellulose/PVAL Blend Films 
The morphologies of cellulose/PVAL blend films were studied via SEM 
technique and shown in Figure 6.3- 6. Ductility can clearly be seen in PVAL 
rich blend films, where increasingly large scale yielding at crack tips occurs 
when PVAL composition increases. No obvious phase separation was observed 
in SEM images, which is quite different from those obtained for cellulose/PCL 
and cellulose/PCL-PDMS-PCL blend films. This further indicates better 
miscibility for cellulose/PVAL blend system than the other two blend systems. 
When the loading amount of PVAL is less than 50wt% for cellulose/PVAL 
blend, deformation at crack tips was limited and disappeared in cellulose-rich 
blend samples. The section surfaces for the samples are condensed and rough. 
Thus, brittle to ductile transformation can be verified with addition of PVAL 
component to cellulose component, which suggested the conclusion that PVAL 
acts as plasticizing agent for cellulose. This observation is well agreed with the 
results from DSC data. 
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Figure 6.3- 6 SEM images for cellulose/PVAL blend films 
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XRD measurement was employed to indentify the crystalline structure of 
cellulose/PVAL blend films. The diffraction spectra are shown in Figure 6.3- 7. 
Two crystalline reflection peaks of pristine PVAL were observed in the 2θ 
range of 15~30˚, which can be indexed as (101) and (200) planes (2θ =19.5˚ 
and 22.6˚, respectively)241. For regenerated cellulose, the characteristic peaks 
are observed at 12.4˚, 14.77˚, 16.65˚ and 22.77˚, which are the combination of 
both cellulose I and cellulose II representative reflection peaks146,178. Upon 
blending cellulose with PVAL, the reflection peak positions exhibit simple 
addition behaviour and no obvious shifting was observed. However, 
overlapping of reflection peaks took place for blending samples and the 
intensity for PVAL crystalline reflections decreased with increasing weight 
ratio of cellulose, indicating that the crystallinity of PVAL is decreased. This 
result is consistent with the calculation of heat fusion data from second heating 
DSC scan. 
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Figure 6.3- 7 XRD curves for cellulose/PVAL blend films 
6.3.4 Thermal Stability of Cellulose/PVAL Blend 
Films 
The thermal stability of pure cellulose film, PVAL film and cellulose/PVAL 
blend films were analysed through thermogravimetric analysis. The resulting 
TGA curves are shown in Figure 6.3- 8. Two major weight loss steps were 
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found for cellulose/PVAL blend films in the temperature range of 150~600˚C. 
Samples were dried in vacuo overnight before TGA measurements, thus the 
moisture loss step generally occurred around 100~120˚C were eliminated. In 
our work, the first weight-loss step in the temperature range of 250~300˚C was 
associated with destruction of hydrogen bonding network and disassociation of 
intermolecular side chains. In addition, the second weight-loss step in the 
temperature range of 400~500˚C can due to the decomposition of polymer 
main-chains. 
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Figure 6.3- 8 TGA curves for cellulose/PVAL blend films 
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The first derivative thermo-gravimetric diagrams (DTG) are shown in Figure 
6.3- 9. A maximum rate of decomposition takes place at the DTG peak 
temperatures. For pure cellulose, DTG peak at 319˚C with a shoulder peak at 
357˚C was found, which is related to breaking down of hydrogen bonding 
interactions and dissociation of cellulose chains. The pure PVAL films also 
possess two DTG peaks showing greatest decomposition at 290˚C and 447˚C. 
The start peak position for cellulose/PVAL blend films has a similar increasing 
order as the increasing PVAL composition till 40wt%, which is 263˚C (10wt% 
PVAL), 283˚C (20wt% PVAL), 293˚C (30wt% PVAL) and 321˚C (40wt% 
PVAL), respectively. Further adding PVAL weight ratio, the blend films show 
two distinguish DTG peaks with large temperature differences. The second 
DTG peaks undergo a decrease when cellulose is incorporated into PVAL, the 
maximum decomposition of the main polymer chains changed to 414˚C with 
30wt% cellulose. The thermal stability of cellulose/PVAL blend films was less 
than the individual pure components, but was improved with increasing PVAL 
content191. This is due to the weaker hydrogen bonding strength between 
cellulose and PVAL than the self-associated hydrogen bonding strength within 
cellulose or PVAL. This result is constant with former discussion. 
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Figure 6.3- 9 First Differential thermo-gravimetric curves for cellulose/PVAL blend films 
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6.4 Conclusion 
Cellulose/PVAL blend films were successfully prepared from ionic liquids in 
this work. Good miscibility was observed in this blend system. Melting point 
depression and glass transition temperature enhancement reveal the existence 
of hydrogen bonding interactions between cellulose and PVAL components. 
Fox and BCKV equations were employed to study the relationship of blend 
composition and Tg. The experimental data shows a great negative deviation 
from Fox predictions, but has an excellent fitting of BCKV model with R2 of 
0.9991. The BCKV parameter a0 <0 indicates that the hydrogen bonding 
interaction between cellulose and PVAL components is weaker than those 
within cellulose-cellulose or PVAL-PVAL system. FTIR spectroscopy further 
confirmed the hydrogen bonding between the two components in the blend 
films. SEM images exhibit no phase separation. Hydrogen bonding interactions 
between the two blend components were expected as the driving force for the 
miscibility of cellulose and PVAL. The yielding at the crack tips is significant 
in PVAL rich blend films. Moreover, the thermal stability of blend films is less 
than those individual components themselves. However, it improves with 
increasing PVAL content.  
138 
 
Chapter 7  
Cellulose/Clay Composites Regenerated from 
Ionic Liquids 
7.1 Introduction 
In the last three chapters, cellulose based biodegradable polymer blends have 
been prepared and discussed. In this chapter, cellulose/clay composites that 
regenerated from ionic liquids will be intensively investigated. Three aspects, 
which include the effect of ionic liquid structures, organic modifier types of 
montmorillonites and montmorillonites contents on the final morphologies, 
tensile properties and thermal stability of the obtained cellulose/clay composite 
films, are the main focus of this work. 
7.2 Materials and Characterization 
7.2.1 Materials 
The clays used in this work are natural montmorillonites with three different 
organic modifiers as exchangeable cations within the interlayer of the clays. 
The corresponding chemical structures are presented in Figure 3.1- 5. The 
organic modifier for Cloisite 25A is dimethyl hydrogenated tallow 2-
ethylhexyl ammonium, while that for Cloisite 30B is methyl tallow bis-2-
hydroxyethyl ammonium. In order to investigate the influence of ionic liquid 
structure on the final cellulose/clay composite morphologies, imidazolium 
cation based ionic liquids with butyl, allyl and ethyl substituent side chain are 
used. Chloride, bromide, tetrafluoroborate and hexafluorophosphate anions are 
also employed. 
The samples prepared for ionic liquid type and clay organic modifier structures 
influence study in this work are listed in Table 7.2- 1. Different types of ionic 
liquids were used to prepare clay/ionic liquid solution with the concentration of 
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3wt%. In addition, cellulose was dissolved in BMIM[Cl] with a concentration 
of 3wt%. The final composites were obtained by mixing clay/ionic liquid 
solution and cellulose/BMIM[Cl] solution together, precipitating the mixture 
solution in deionised water and dried as described in chapter 3.2.5. The weight 
ratio for cellulose and clay was set to be 97:3. 
Table 7.2- 1 Labels for the prepared samples 
Label BMIM[Cl] BMIM[Br] BMIM[BF4] BMIM[PF6] AMIM[Cl] EMIM[Cl] 
Cloisite 
Na+ 
Na/cellulose-
BMIMCl 
Na/cellulose-
BMIMBr 
Na/cellulose-
BMIMBF4 
Na/cellulose-
BMIMPF6 
Na/cellulose-
AMIMCl 
Na/cellulose-
EMIMCl 
Cloisite 
25A 
25A/cellulose-
BMIMCl 
25A/cellulose-
BMIMBr 
25A/cellulose
-BMIMBF4 
25A/cellulose-
BMIMPF6 
25A/cellulose
-AMIMCl 
25A/cellulose -
EMIMCl 
Cloisite 
30B 
30B/cellulose-
BMIMCl 
30B/cellulose-
BMIMBr 
30B/cellulose
-BMIMBF4 
30B/cellulose-
BMIMPF6 
30B/cellulose
-AMIMCl 
30B/cellulose -
EMIMCl 
For clay content influence investigation, 100wt%, 10wt%, 6wt%, 5wt% and 
1wt% cellulose/Cloisite Na+ composite film were prepared. BMIM[Cl] was 
used to dissolve and disperse cellulose and Cloisite Na+. 
7.2.2 Characterization 
7.2.2.1 X-ray Diffractometry (XRD) 
XRD test was performed on a Philips XRD 1130 machine with Cu-Ka 
radiation at 40kV and 25mA. The XRD scan was conducted from 1 to 75o with 
a step size of 0.1o and a count time per step of 3s. 
Interlayer distance (d or d-spacing) between clay layers can be estimated by 
Bragg’s equation242˖ 
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where λ is the wavelength of X-ray beam with the value of 0.154 nm. 
7.2.2.2 Thermogravimetric Analysis (TGA) 
TGA test was conducted using Perkin Elmer TG/DTA 6300 machine at a 
heating rate of 10oC/min up to 700oC under air flow of 50 ml/min. 
7.2.2.3 Small-Angle X-ray Scattering (SAXS) 
The SAXS measurements were carried out on a Bruker NanoSTAR SAXS 
instrument (Figure 7.2- 1) at room temperature. Two-dimensional diffraction 
patterns were collected on 1 mm thickness samples with a Vantec detector. For 
analysing, the scattering patterns were subtracted from background scattering. 
The resulting data were further corrected and azimuthally averaged into one-
dimensional format. Curves of log10 (intensity) versus scattering wave vector q 
were plotted. Scattering wave vector q is defined by the following equation: 
 q=(4π/λ)sin(θ/2) 
where λ is the scattering wavelength of Cu Ka radiation with a value of 0.154 
nm; 
θ is the scattering angle. 
Moreover, the average distance L’ is defined as: L’ = 2π/q. 
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Figure 7.2- 1 Bruker NanoSTAR SAXS instrument243 
7.2.2.4 Tensile Test 
Tensile properties were measured at room temperature using a Llyod tensile 
tester. The testing speed was set at5 mm/min. The sample was cut into 20× 
4mm thin rectangular strip before test. Five repeats were used to get average 
data of tensile properties. 
7.2.2.5 Scanning Electron Microscopy (SEM) 
The surface morphologies of the cellulose/clay composite films were observed 
on Zeiss Supra 55VPis scanning electron microscope at an accelerating voltage 
of 5 kV. The samples were pre-coated with gold before observation. BAL-TEC 
SCD 050 sputter coater was used with a sputtering current of 40mA for 
sputtering time of 120s. 
7.3 Results and Discussion 
7.3.1 Influence of organic modifier type 
Montmorillonites are one of the most frequently used layered silicates. It is 
hydrophilic in pristine form. Sodium, aluminium, magnesium and iron cations 
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are the common exchangeable cations existed in the interlayer. It is hard for 
polymer molecules to penetrate into the clay interlay space. Thus, structures of 
the organic modifiers existed in the interlay of clay were expected to play an 
important role in polymer/clay composites morphology. In this work, three 
types of organic modifier, which includes sodium cation, dimethyl 
hydrogenated tallow 2-ethylhexyl ammonium and methyl tallow bis-2-
hydroxyethyl ammonium, were used to estimate the organic modifier structure 
influence on the final cellulose/clay composite morphology. 
Before discussing the results, all possible arrangements of clay platelets 
existing in cellulose matrix should be illustrated. First of all, an immiscible 
composite which has clay layers aggregated into tactoids may obtain. 
Secondly, an intercalated dispersion of layered clays may be obtained with the 
finite expansion of clay interlay distance but still keep parallel layers. Thirdly, 
an exfoliated structure may obtain with great amount of polymer molecules 
penetrated into the interlay of the clay. The d-spacing of the clay should be 
10nm or more. Finally, a partial exfoliated structure will occur with limited 
amount of clay exfoliated in the cellulose matrix. In situ polymerization of 
monomers that were pre-intercalated into the interlay of montmorillonites, 
solution exfoliation with clays exfoliated by solvents and melt intercalation 
were the prevail approaches in preparation of bio-nanocomposites244. 
In this work, cellulose/clay composites were prepared via solution method. 
XRD patterns of full range views and small angle enlarged views were shown 
in Figure 7.3- 1 for Na/cellulose-BMIMCl, Figure 7.3- 2 for 25A/cellulose-
BMIMCl and Figure 7.3- 3 for 30B/cellulose-BMIMCl samples, respectively. 
The diffraction angle values and calculated interlayer space are presented as 
well. From this, we could find that both the diffraction peak for Cloisite 25A 
and 30B (001) plane disappeared in 25A/cellulose-BMIMCl and 30B/cellulose-
BMIMCl composites. The most possible reason for these can be the 
montmorillonite layers exfoliation, or the signal intensity is too weak for these 
two samples that exceed our XRD instrument limitation. However, there is a 
strong diffraction peak observed in Na/cellulose-BMIMCl composite profile, 
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which is only a minor shift towards the small angle direction. Through the 
Bragg equation, the interlayer spacing distance for this pristine clay/cellulose 
composite is determined as 1.53 nm. This is approximately 17% expansion 
from the original distance yielding an intercalated morphological material. 
The existence of organic modifier in the gallery of the montmorillonite is very 
important from this point of view. With the assistant of the organic modifier, 
cellulose chains are believed to enter the MMT interlayer easily since the 
distance of the gallery enlarged by the bulk modifier cations (d-spacing closite 
25A = 18.6 Å ~ closite 30B = 18.5 Å > Cloisite NA+ = 11.7Å). By contraries, 
the unmodified MMT has the smallest interlayer spacing, which prevents the 
cellulose chains from penetration. The cellulose chains have to overcome the 
limited space restriction between the two interlayers and hence need a more 
powerful solvent. In addition, the structure of 30B organic modifier tends to 
react with hydrophilic cellulose molecules, which further facilitate the clay 
layers to exfoliate. 
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Figure 7.3- 1 XRD spectra of cloisite Na+ clay and its corresponding cellulose-based 
nanocomposites in both full and small angle perspective 
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Figure 7.3- 2 XRD spectra of the cloisite 25A and its corresponding cellulose-based 
nanocomposites in both full and small angle perspective 
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Figure 7.3- 3 XRD spectra of cloisite 30B and its corresponding cellulose-based 
nanocomposites in both full and small angle perspective 
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In order to determine the reason of the disappearance of closite 25A and 30B 
reflective peaks, SAXS measurement was employed. SAXS is a technique that 
is recorded at very low angles (normally 0.1~10˚) and provides information 
about nm-range inhomogeneities, macromolecule shape and size, characteristic 
distances of partially ordered materials, pore sizes and so on245. In this work, 
the usage of SAXS technique offers the information about periodicity of the 
clay layers in the tactoids, the interlayer spacing and their distribution 
situations within cellulose matrix246. The SAXS patterns for Na/cellulose-
BMIMCl, 25A/cellulose-BMIMCl and 30B/cellulose-BMIMCl samples were 
shown in Figure 7.3- 4. 
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Figure 7.3- 4 SAXS patterns of Na/cellulose-BMIMCl, 25A/cellulose/ BMIMCl and 
30B/cellulose-BMIMCl composites 
Bimodal SAXS patterns are clearly seen for all these three samples, indicating 
two kinds of interlayer spacing and intercalated dispersion of clay platelets 
existed in cellulose matrix247,248. The calculated interlayer spacing values for 
corresponding clays from SAXS patterns, XRD diagrams and original data 
provided by closite company were listed in Table 7.3- 1. The obtained d-
spacing data for corresponding clays/cellulose composites were different 
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because of the used instruments difference; however, they kept the same 
sequence (25A/cellulose-BMIMCl > 30B/cellulose-BMIMCl > Na/cellulose-
BMIMCl). From SAXS data calculation, certain amount of clay platelets 
remained as toctoids with minor expansion of interlayer spacing, while other 
portion of clay platelets had their d-spacing expanded more obvious than the 
former mentioned portion. Intercalated morphology was obtained. The content 
ratio of less intercalated degree portion of clay platelets and more intercalated 
ones can be obtained from the ratio of corresponding fitted SAXS peak area246. 
It is apparent that the sample with closite Na+ has the least intercalation, while 
25A sample has the medium amount and 30B sample has the largest amount of 
clay platelets to achieve high intercalation degree. Moreover, the d-spacing 
value undergoes a sequence of 30B/cellulose-BMIMCl > 25A/cellulose-
BMIMCl > Na/cellulose-BMIMCl. This trend is similar with the q*: q trend. 
The reason for these observations can be attributed to the different chemical 
nature of organic modifiers in the gallery of montmorillonites. For closite 30B, 
the methyl tallow bis-2-hydroxyethyl ammonium modifier have two hydroxyl 
groups, which is expected to prefer hydrogen bonding with hydroxyl groups of 
cellulose molecules. These hydrogen bonding interactions strongly encouraged 
cellulose chains to penetrate into Closite 30B clays and help to form more 
intercalation than the other two clays. The size of dimethyl hydrogenated 
tallow 2-ethylhexyl ammonium modifier in Cloisite 25A is bigger than that of 
sodium cation in Cloisite Na+, which has larger d-spacing for cellulose chains 
to get in249. 
Hence, organic modifier structures of montmorillonites do have influence on 
the final morphology of the resulting cellulose/clay composites. The possible 
hydrogen bonding formation structures of organic modifier is inclined to have 
higher intercalation degree. Moreover, bigger organic modifier size is good for 
cellulose intercalation. 
 
 
149 
 
Table 7.3- 1 Interlayer spacing data obtained from Closite company, XRD test and SAXS 
test 
 Original d-spacing of 
correspon
ding clay 
from 
Closite 
(nm) 
Original d-
spacing of 
correspondi
ng clay 
from XRD 
(nm) 
d-
spacing 
obtained 
by XRD 
(nm) 
q*  
(Å-1) 
d-
spacing
1 (nm) 
q (Å-1) d-
spacing
2 (nm) 
q*:q 
(area 
ratio) 
Na/cellulose-
BMIMCl 
1.17 1.31 1.53 0.2883 2.18 0.3294 1.91 5:12 
25A/cellulose-
BMIMCl 
1.86 1.90 - 0.2863 2.19 0.3177 1.98 5:9 
30B/cellulose-
BMIMCl 
1.85 1.89 - 0.2842 2.21 0.3181 1.98 8:5 
 
Besides the organic modifier influence on composite morphology, their effect 
on thermal stability was also explored via TGA technique. Two decomposition 
stages can be seen from Figure 7.3- 5. The first decomposition stage that 
ranged from 250~350˚C is assigned to the degradation of organic modifier and 
dissociation of hydrogen bonding interactions. The later decomposition stage 
that occurred between 450˚C and 600˚C was due to the oxidation and 
decomposition of cellulose main chains under oxygen atmosphere. 
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Figure 7.3- 5 TGA curves for pure cellulose, Na/cellulose-BMIMCl, 25A/cellulose/ 
BMIMCl and 30B/cellulose-BMIMCl composites 
The thermal stability of cellulose/clay composites was reduced when compared 
to pure cellulose. The onset decomposition temperature decreased in the order 
of pure cellulose > 25A/cellulose-BMIMCl > Na/cellulose-BMIMCl > 
30B/cellulose-BMIMCl. Similar situations have been reported by Wilson et 
al.250 and Delhom et al.251 with high clay loading. The reason for this thermal 
stability reduction can be attributed to the aggregation and poor dispersion of 
clay platelets in cellulose matrix. Flame resistance of the samples was 
estimated by residue char weight ratio compared to the original weight. The 
data were listed in Table 7.3- 2. It is believed that the residual char prohibit 
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cellulose/clay composites from combusting by forming a char layer on top of 
the composites. Oxygen and heat were prevented from touching with 
cellulose/clay composites251. Hence, Na/Cellulose-BMIMCl composite has the 
best flame resistance with a 3.23 wt% char residue. The flame resistance is 
greatly improved by incorporation of clay into cellulose. The residue char is 
only 0.13 wt% for pure cellulose, while more than 2,000% enhancement has 
been achieved for cellulose/clay composites. 
Table 7.3- 2 TGA data for pure cellulose, Na/cellulose-BMIMCl, 25A/cellulose/ BMIMCl 
and 30B/cellulose-BMIMCl composites 
Sample  Td  (˚C) 
Tmax1 
(˚C) 
Tmax2 
 (˚C) 
Residue (wt %)  
30B/Cellulose-
BMIMCl  
275 289 531 2.96  
25A/Cellulose-
BMIMCl  
279 298 563 2.71  
Na/Cellulose-
BMIMCl  
278 302 520 3.23  
Pure Cellulose 298 321 465 0.13 
 
7.3.2 Influence of ionic liquid type 
Our later work has focused on the dispersing efficiency of ionic liquid solvents 
for clays and their effects on final morphology of cellulose/clay composites. 
Five kinds of ionic liquids, which include BMIM[Cl], BMIM[BF4], and 
BMIM[PF6], AMIM[Cl] and EMIM[Cl], have been employed for this aim. 
Figure 7.3- 6 exhibits XRD patterns of Na-MMT/cellulose composites 
prepared from BMIM[Cl], BMIM[BF4], BMIM[PF6], AMIM[Cl], EMIM[Cl] 
and BMIM[Br] with contrast of pristine Na-MMT clay and physical mixing 
Na-MMT/cellulose composite without assistance of solvent. It is obvious to see 
that the diffraction angles of the composites from BMIM[Cl], BMIM[BF4] and 
BMIM[PF6] undergo a shift towards lower value than that of the pure Na-
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MMT, which indicates an expansion of montmorillonite interlayer spacing 
distance. In addition, the diffraction angles were missing for AMIM[Cl], 
EMIM[Cl] and BMIM[Br]. The possible reason for this may be the limitation 
of XRD instrument or the exfoliation of clay platelets. 
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Figure 7.3- 6 XRD patterns of pure closite Na+ clay, Na-MMT/cellulose composite 
obtained via physical mix without solvent, and Na-MMT/cellulose composites prepared 
from BMIM[Cl], BMIM[BF4] and BMIM[PF6] solvents, respectively  
In order to illustrate the true reason for the above mentioned phenomena, 
SAXS measurements were carried out. Bimodal SAXS profiles were seen for 
all the tested samples as shown in Figure 7.3- 7, Figure 7.3- 8 and Figure 7.3- 
9. The minimum q value is 0.2842Å-1, which indicates the interlayer spacing 
was around 2.2 nm. Thus, all the resulting cellulose/clay composites that using 
different kinds of ionic liquids show intercalated morphologies. For further 
comparison of the ionic liquid structure influence, peak-fitting technique was 
utilized and the results were listed in Table 7.3- 3. 
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Figure 7.3- 7 SAXS diagrams for cellulose/Na-MMT composites regenerated from six 
different ionic liquids 
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Figure 7.3- 8 SAXS diagrams for cellulose/25A-MMT composites regenerated from six 
different ionic liquids  
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Figure 7.3- 9 SAXS diagrams for cellulose/30B-MMT composites regenerated from six 
different ionic liquids 
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The polarity of the given ionic liquids are in the order of BMIM[Cl] > 
BMIM[Br] > BMIM[BF4] > BMIM[PF6] according to the literature 
report252,253. The relationship between the polarity of ionic liquid solvents and 
the expanding phenomenon of MMT stack within the resulting composites can 
generally be regarded as synergia from the data in Table 7.3- 3. The 
intercalation degree of clay platelets for cellulose/Na or 30B clay-BMIMCl 
composites is the highest among all the samples, since the polarity of 
BMIM[Cl] is the highest among all the used ionic liquids. The like dissolves 
the like. There can form interactions between hydroxyl groups of 30B modifier 
and chloride anion254. For organic modifier case in Closite 25A, hydrophobic 
ionic liquids which contains [BF4]- and [PF6]- are showing larger d-spacing 
with higher hydrophobicity. The non-polar quaternary ammonium organic 
modifier in Closite 25A is more susceptible to hydrophobic ionic liquids than 
other hydrophilic ones255. 
The effects of ionic liquid cation structure were also taken into account in this 
work, although it is claimed that the hydrogen bonding ability is mainly 
controlled by the anion structure of 1-alkyl-3-methylimidazolium ionic 
liquids256. The cellulose/clay composites prepared from a shorter alkyl 
substituent group of EMIM[Cl] and a allyl group of AMIM[Cl] were compared 
with that from a butyl group of BMIM[Cl]. The interlayer spacing difference 
induced by changing cation structure of ionic liquids is less than that affected 
by anion factors. 
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Table 7.3- 3 Interlayer spacing data obtained from SAXS test 
  BMIM[Cl] BMIM[Br] BMIM[BF4] BMIM[PF6] AMIM[Cl] EMIM[Cl] 
Cloisite 
Na+ 
q* (Å-1) 0.2883 0.2927 0.2918 0.2958 0.2928 0.2922 
d-spacing1(nm) 2.18 2.15 2.15 2.12 2.15 2.15 
q(Å-1) 0.3294 0.3277 0.3187 0.3172 0.3177 0.3194 
d-spacing2(nm) 1.91 1.92 1.97 1.98 1.98 1.97 
q* : q 
(area ratio) 
5:12 2:5 1:1.1 1:2 1:1 1:2.2 
Cloisite 
25A 
q* (Å-1) 0.2863 0.2860 0.2876 0.2816 0.2857 0.2901 
d-spacing1(nm) 2.19 2.20 2.18 2.23 2.20 2.17 
q(Å-1) 0.3177 0.3180 0.3188 0.3143 0.3171 0.3185 
d-spacing2(nm) 1.98 1.98 1.97 2.00 1.98 1.98 
q* : q 
(area ratio) 
5:9 2:3 6:7 1:1 5:4 2:2.3 
Cloisite 
30B 
q* (Å-1) 0.2842 0.2874 0.2858 0.2893 0.2853 0.2871 
d-spacing1(nm) 2.21 2.19 2.20 2.17 2.20 2.19 
q(Å-1) 0.3181 0.3208 0.3185 0.3193 0.3195 0.3194 
d-spacing2(nm) 1.98 1.96 1.98 1.97 1.97 1.97 
q* : q 
(area ratio) 
8:5 2:5 6:5 1:2 6:5 2:1 
The distribution of clay platelets within cellulose matrix can be seen in SEM 
images. Figure 7.3- 10 presents the surface morphologies of four kinds of 
cellulose/clay composites. The surface is rough and some randomly dispersed 
clumps can be seen. These clumps are likely to be the aggregation of clay 
platelets. 
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Figure 7.3- 10 SEM images for cellulose/clay composites 
7.3.3 Influence of clay content  
Influence of clay content on the final properties of the resulting cellulose/clay 
composites was also considered in this work. A series of Na/cellulose-
BMIMCl composite films with 0 wt%, 1 wt%, 5 wt%, 6 wt% and 10 wt% clay 
composition were prepared. 
XRD patterns for these Na/cellulose-BMIMCl composite films are shown in 
Figure 7.3- 11. The scattering peaks in the 5~10˚ is still remained with no 
obvious shifting. The loading amount of clay in this work seems to be large for 
exfoliation and intercalation. The platelets tend to agglomerate and recombine 
as clay stacks due to the hydrophilic nature of Closite NA+ montmorillonites248. 
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Figure 7.3- 11 XRD patterns for 1 wt%, 5 wt%, 6 wt% and 10 wt% clay/cellulose 
composite films 
The tensile properties can be adjusted via alternating the clay loading amount. 
The tensile properties data for 1 wt%, 5 wt%, 6 wt% and 10 wt% clay/cellulose 
composite films and pure cellulose film are listed in Table 7.3- 4. Tensile 
strength for cellulose/clay composite films increases with increasing loading 
amount of clay. In addition, the introductory of clay weak cellulose film tensile 
strength, which may due to the existence of clay tactoids257,258. Moreover, clay 
content affects the value of elongation at break for cellulose/clay composite 
films as well. There is a clear increasing tendency for elongation at break with 
addition of clay contents. The corresponding value for 10 wt% clay/cellulose 
composite films was nearly twice as that for 1 wt% clay sample. The existence 
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of clay restricts the cellulose molecules from moving in cellulose/clay 
composite films249. Young’s modulus for the cellulose/clay composite films 
also increases with increasing clay composition. The clay layers acts as 
particulate reinforcement for cellulose matrix and transfer stress more effective 
when having force loading, which is likely to enhance the ductility of the 
sample251. 
Table 7.3- 4 Tensile Properties of 1 wt%, 5 wt%, 6 wt% and 10 wt% clay/cellulose 
composite films and pure cellulose film 
Na/Cellulose-
BMIMCl 
composite film Young's Modulus (GPa)  
Tensile Strength 
(MPa)  Elongation at Break (%) 
Pure cellulose  3.58±0.04  74.5±1.6  4.0±0.30  
10% 6.55±0.23  66.6±3.4 1.9±0.29 
6% 4.06±0.54  49.9±1.7 1.7±0.60 
5% 3.43±0.18  37.3±1.3 1.3±0.04 
1% 4.4±0.13  34.5±2.1  1.1±0.14  
Thermal stability of cellulose/clay composite films with various clay contents 
has been characterized to estimate the clay content influence. Only one 
decomposition stage is seen for these samples under nitrogen atmosphere 
(Figure 7.3- 12). The onset decomposition temperatures for composite films 
were lower than that of pure cellulose film. The thermal stability decreased 
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with an increase of clay content, since the more clay content in cellulose 
matrix, the more clay aggregated249. 
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Figure 7.3- 12 TGA curves for 1 wt%, 5 wt%, 6 wt% and 10 wt% clay/cellulose 
composite films and pure cellulose film 
 
7.4 Conclusion 
Cellulose/clay composites were prepared and characterized in this work. The 
influences of organic modifier in gallery of clays, ionic liquid structure and 
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clay content on the final morphology and properties of cellulose/clay 
composite films were discussed. 
Polar organic modifier is good for cellulose molecules to penetrate into clay 
interlayer. XRD patterns for cellulose/clay composites show certain 
information about the d-spacing of clay platelets. However, our XRD 
instrument has limitation sensitivity in low angles. SAXS measurement 
provides more accurate information about d-spacing in this work. The d-
spacing data undergo a sequence of 30B/cellulose-BMIMCl > 25A/cellulose-
BMIMCl > Na/cellulose-BMIMCl for organic modifier influence study. 
Possible hydrogen bonding between hydroxyl group of 30B modifier and 
hydroxyl groups of cellulose is regarded as driving force for cellulose 
molecules to penetrate into the clay gallery. Flame resistance was enhanced by 
incorporation of clay into cellulose matrix, while thermal stability is relatively 
weaker than the pure cellulose sample. 
The anion portion of ionic liquids play more important role in affect 
cellulose/clay composite film morphology and properties than their cation 
portion. Generally, the like dissolves like. Hydrophilic ionic liquids tend to 
obtain high intercalation degree for polar montmorillonites, while hydrophobic 
ionic liquids inclined to get non-polar clay platelets intercalation. 
Clay content aspect also influent the final structure and properties of 
cellulose/clay composite films. Tensile strength, elongation at break and 
Young’s modulus of the cellulose/clay composite films are generally followed 
an enhancement trend with increasing clay loading amount. However, the 
thermal stability is abated with addition of clay content. 
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Chapter 8 Conclusions and Future Work 
This work has focused on the fabrication and characterization of biodegradable 
polymer blends and composites regenerated from ionic liquids. The cellulose-
based biodegradable polymer blend and composite films include 
cellulose/PCL, cellulose/PCL-PDMS-PCL, cellulose/PVAL and cellulose/clay 
systems. The central goal for this work is to fabricate alternative materials to 
avoid plastic pollution and find an efficient approach for this fabrication. 
Miscibility, inter-molecular interactions, crystallization and melting behaviors 
are characterized by DSC and FTIR techniques. In addition, phase morphology 
and thermal stability are studied via SEM and TGA, respectively. Tensile 
properties of the obtained cellulose-based polymer blend and composite films 
were investigated by DMA and tensile experiments. Furthermore, soil 
degradation test was employed to investigate the biodegradation behavior of 
the blends in soil environment. WAXD and SAXS measurements were 
performed in order to achieve crystalline structure information of the blends 
and d-spacing value of the cellulose/clay composites. The ionic liquid solvent 
recycle was also carried out, and the structure of the recycled ionic liquid was 
verified through NMR technique. 
8.1 Conclusions 
The main conclusions of this work were summarized in the light of the main 
problems and objectives that mentioned in chapter 1 and described as 
following: 
(1) Cellulose, PCL, PCL-PDMS-PCL and PVAL are all fully or at 
least partially biodegradable polymers, thus the blend films are 
supposed to possess biodegradability. 
Soil degradation was carried out for cellulose/PCL blend system. The weight 
loss data were collected after one month. Degradation did take place in soil 
environment. The weight of the sample decreased after soil degradation test. 
Besides, the weight loss is more significant when the cellulose content was 
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high. It is interesting to see that the weight loss is increased from 5% for pure 
PCL, to 7% and 37% for 20wt% and 40w% cellulose contents. The regenerated 
cellulose film was completely degraded in the soil after one month. SEM 
images also showed that the surface morphologies of the cellulose/PCL blend 
films changed after soil degradation. The surface of the pure PCL become 
rough and irregular, while increasing coarse and residual fiber shape appeared 
in cellulose-rich samples. 
(2) Cellulose-based polymer blends in this thesis are semi-
crystalline/semi-crystalline, which may give various phase behavior and 
crystalline morphology by varying the composition. 
Cellulose/PCL blends system: Cellulose and PCL components have partial 
miscibility when the content of PCL is less than 40wt%. The crystallization 
behavior and melting behavior were also affected by the cellulose composition. 
The existence of cellulose sterically restrict PCL spherulitic growth, however, 
it also acted as nucleation agent. These two aspects competed with each other 
and determined the final crystalline structure together. Combining the SEM 
image and crystallinity data, the regenerated cellulose was considered to 
facilitate the crystallization of PCL. Melt point depression is observed during 
heating. Furthermore, melt-recrystalize-melt is occurred for less perfect 
crystallized cellulose/PCL blends. 
Cellulose/PCL-PDMS-PCL blend system: Bimodal melting peaks are 
observed for PCL-PDMS-PCL sample. The melting points for the as-
coagulated cellulose/PCL-PDMS-PCL blend films generally undergo an 
increase then decrease with the increasing of cellulose amount, indicating 
immiscibility for most of the compositions, while 95/5 cellulose/PCL-PDMS-
PCL blend film has miscible feature. Moreover, the crystallization rates of the 
blends are higher than that of the pure PCL-PDMS-PCL sample. Crystallinity 
decreased with increasing cellulose weight ratio in blend samples. 
Cellulose/PVAL blend system: Melting point depression phenomena are 
significant for this blend system, indicating miscibility between cellulose and 
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PVAL components. The presence of cellulose molecular accelerated the 
crystallization behavior of PVAL. Furthermore, glass transition temperature of 
the cellulose/PVAL blend films increased with increasing cellulose 
composition. 
(3) Hydroxyl groups in cellulose are sensitive in forming hydrogen 
bonds. It is interesting to study the existence of hydrogen bonds between 
our chosen polymer blend components. 
Cellulose/PCL blends system: Hydrogen bonding interactions exist between 
cellulose and PCL components. FTIR spectra as well as peak fitting technique 
confirmed that a new peak around 1685 cm-1 appeared for cellulose/PCL blend 
films with 40wt% less PCL composition. Moreover, hydrogen bonding 
interactions were breaking down or weakened at elevated temperature as the 
corresponding FTIR peaks shifted towards higher frequency. The hydrogen 
bonding interactions between cellulose and PCL was regarded as the driving 
force for the miscibility between these two components. 
Cellulose/PCL-PDMS-PCL blend system: Hydrogen bonds were observed in 
95/5 cellulose/PCL-PDMS-PCL blend films with the new peaks appeared both 
in carbonyl and hydroxyl regions in FTIR spectrum. The new 3152 cm-1 peak 
was assigned to the hydrogen bonding between C=O groups in PCL chains and 
O-H groups in cellulose molecular in PDMS-rich region; while the other new 
peak located at 3103 cm-1 was assigned to the hydrogen bonding between PCL 
segments and cellulose chains in PCL-rich region. The melting point 
depression of blend sample with 5wt% PCL-PDMS-PCL composition was due 
to these hydrogen bonding interactions. In addition, the characteristic FTIR 
peaks for the above two hydrogen bonding interactions shifted to lower 
frequency when temperature raised to 80˚C, indicating the strength for the 
corresponding interactions enhanced compared to those in room temperature. 
Cellulose/PVAL blend system: Hydrogen bonding was also found in 
cellulose/PVAL blend system with the observation of an upward shifting of 
characteristic peaks for non-associated and self-associated O-H groups. The 
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hydrogen bonding strength within PVAL molecular was decreased upon 
blending with cellulose. Meanwhile, the hydrogen bonding interaction strength 
followed a sequence of cellulose-cellulose>PVAL-PVAL>cellulose-PVAL. 
The existence of hydrogen bonding between cellulose and PVAL facilitate the 
miscibility between these two components. 
(4) The effects of intermolecular interactions on the blend 
morphology, crystallization behavior, thermal stability and mechanical 
properties. 
Cellulose/PCL blends system: The PCL spherulite size generally decreased 
with increasing cellulose content, which was from 110~160 μm to 10~25μm 
with addition of 60 wt% cellulose. For 80wt% cellulose composition, two main 
PCL sphere sizes were observed, which are 110-160 μm and 6-20 μm, 
respectively. The larger one with rough worm-like texture surface was 
considered to have cellulose coated; the other with smooth surface may be the 
pure PCL particles with excess amount. Ozawa model was not suitable to 
present the crystallization kinetic for cellulose/PCL blend films. No linear 
dependence was found. Meanwhile, Tobin model gave good linear fitting of 
the experimental data. Tobin rate constant increased with increasing cooling 
rate, indicating crystallization rate grow faster by fast cooling. The 
crystallization behaviour of PCL is rather complex at low cooling rate, while 
heterogeneous nucleation with a first-order nuclei growth process mechanism 
was confirmed for fast cooling case. The tensile properties and elongation at 
break decreased dramatically with increasing PCL content. However, the 
existence of hydrogen bonding between PCL and cellulose lead to the 
improvement of blend films thermal stability. 
 Cellulose/PCL-PDMS-PCL blend system: The morphology for pure PCL-
PDMS-PCL triblock copolymer was lamellar structure with PDMS-rich 
spherical domains dispersed between PCL-rich crystalline lamellar. 
Heterogeneous phase structure was observed for 95/5 and 90/10 cellulose/PCL-
PDMS-PCL blend film with 4μm to 10μm PCL-PDMS-PCL spherical particles 
dispersed in continuous cellulose matrix. A honeycomb-like structure was 
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found in 20wt% PCL-PDMS-PCL blend sample. Continuous rough texture 
morphology was obtained for PCL-PDMS-PCL rich samples. For this blend 
system, Ozawa and Tobin models were also applied to the nonisothermal 
crystallization process. Good linear fitting was only appeared at first two low 
temperatures for Ozawa model. The nucleation type was considered to be 
athermal nucleation growing in fibrillar or lamellar dimension, or thermal 
nucleation in one dimension. Tobin model showed two crystallization stages at 
all cooling rate. Crystal growth was changed from one dimensional behaviour 
to two dimensional during cooling. Certain extend of plasticizing effect of 
PCL-PDMS-PCL for cellulose was found through tensile properties. Thermal 
stability was improved upon blending with triblock copolymer compared to 
pure cellulose film. 
Cellulose/PVAL blend system: From SEM images of cellulose/PVAL blend 
films, large scales yielding at crack tips were seen with increasing PVAL 
content in blend films. No obvious phase separation was observed, suggesting 
cellulose/PVAL blend system has better miscibility than cellulose/PCL and 
cellulose/PCL-PDMS-PCL blend system. PVAL had plasticizing effect on 
cellulose. Cellulose/PVAL blend films decomposed in two stages with thermal 
stability less than the individual components. However, the blend thermal 
stability enhanced with increasing PVAL composition. The main reason was 
that the hydrogen bonding strength between PVAL and cellulose is weaker 
than those within cellulose or PVAL themselves. 
(5) To understand the influence of ionic liquids, organic modifier 
and contents of montmorillonites on the morphology and properties of 
cellulose/clay composites. 
Organic modifier influence: Closite NA+, 25A and 30B were used for 
investigating the organic modifier influence. XRD data showed Na/cellulose-
BMIMCl composite has minor expansion of d-spacing (from 1.31nm to 
1.53nm), indicating intercalation of Closite NA+ in cellulose matrix. SAXS 
diagrams revealed that all these three kinds of clay/cellulose composites have 
two populations of intercalation structure with bimodal SAXS patterns. 
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Moreover, the d-spacing values followed the sequence of 30B/cellulose-
BMIMCl > 25A/cellulose-BMIMCl > Na/cellulose-BMIMCl. The reason was 
that the organic modifier in closite 30B has two hydroxyl groups which can 
form hydrogen bonding with cellulose molecular. This interaction strongly 
encouraged cellulose chains to penetrate into closite 30B montmorillonites 
interlayer. Thus, the d-spacing value is the largest for 30B composites. The 
organic modifier for Closite 25A is larger in size than sodium cation for Closite 
Na+, which allowed more space for cellulose molecular to travel. Hence, 
hydrophilicity and bigger organic modifier size are good for cellulose to 
intercalate. The thermal stability of cellulose/clay composite was also affected 
by the clay organic modifier type. Pure cellulose had the strongest thermal 
stability, while 25A/cellulose-BMIMCl followed, Na/cellulose-BMIMCl come 
after, and 30B/cellulose-BMIMCl was the worst. Na/Cellulose-BMIMCl 
composite has the best flame resistance with 20 times improvement of pure 
cellulose. 
Ionic liquid influence: Six different kinds of ionic liquids are used to estimate 
the ionic liquid structure influence, including BMIM[Cl], BMIM[BF4], 
BMIM[Br] and BMIM[PF6] different in anion portion, and AMIM[Cl], 
EMIM[Cl] varied in alkyl substituent side chains of imidazolium cation. It is 
found that ionic liquid anions played more important roles than cation portions. 
The intercalation degree achieved highest value for cellulose/Na or 30B clay-
BMIMCl composites, while Closite 25A preferred to have high intercalation in 
hydrophobic ionic liquids, like BMIM[BF4] and BMIM[PF6]. The surface 
morphologies for cellulose/clay composites showed rough texture and random 
dispersion of aggregated clay platelet clumps from SEM images. 
Clay content influence: The clay content had the influence on the tensile 
properties of the final cellulose/clay composite films. Tensile strength and 
elongation at break were enhanced with increasing clay content. Clay platelets 
restricted cellulose molecular movements. More importantly, Young’s modulus 
of the cellulose/clay composites also increased with increasing clay 
composition. The clay layers reinforced cellulose matrix and transferred stress 
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more effectively. In addition, the thermal stability of the cellulose/clay 
composite films decreased with addition of clay content. Clay tended to 
aggregate when clay content increasing in cellulose/clay composites. 
8.2 Future Work 
In this work, cellulose-based biodegradable polymer blends and composites 
regenerated from ionic liquid solvents were successfully prepared, providing an 
efficient and environmental sustainable approach of plastic manufacture. 
Contribution to the reduction of plastic pollution is expected. The future works 
for this research are suggested as follows: 
1) The rheology of cellulose-based polymer blends or composites ionic 
liquid solution is worth investigating for further understanding of 
interactions between ionic liquids and polymer blend and composite 
components. 
2) Oxygen permeability measurement as an index for future packaging 
application. 
3) In vitro degradation and cell culture performance on the cellulose-based 
polymer blends and composites, in order to explore the potential 
biological application. 
4) Water temperature and weight ratio during casting procedure on the 
final morphologies of the cellulose-based polymer blend and composite 
materials. 
5) Study the difference in properties of composites and blends with and 
without ionic liquids.  
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Appendix: Abbreviation, Acronyms and Symbols 
A: Original specimen cross-sectional area 
AFM: Atomic force microscopy 
AlCl3:  aluminium chloride 
AMIM[Cl]: 1-allyl-3-methylimidazolium chloride 
BDMIM[Cl]: 1-butyl-2,3-dimethylimidazolium chloride 
BDTAC: Benzyldimethyl (tetradecyl) ammonium chloride 
BMIM[BF4]: 1-butyl-3-methylimidazolium tetrafluoroborate 
BMIM[PF6]: 1-butyl-3-methylimidazolium hexafluorophosphate 
BMIM[Ac]: 1-butyl-3-methylimidazolium acetate 
BMIM[Cl]: 1-butyl-3-methylimidazolium chloride 
[C2mim][(MeO)2PO2]: N-ethyl-N’-methylimidazolium dimethylphosphate 
[C4mpy]Cl: 3-methy-N-butylpyridinium chloride 
C6MIM[Cl]: 1-hexyl-3-methylimidazolium chloride 
C8MIM[Cl]: 1-octyl-3-methylimidazolium chloride 
CDCl3: Deuterated Chloroform  
CEC: Cation exchange capacity 
CNTs: Carbon nanotubes 
d001: d-spacing 
DMAc: N-dimethylacetamide 
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DMF: N, N-dimethylformamide 
DMI: 1, 3-dimethyl-2-imidazolidinone 
DSC: Differential scanning calorimetry 
DTG: The first derivative thermo-gravimetric diagrams 
DTGS: deuterated triglycine sulphate 
EAPap: Electro-active paper 
EMIM[Ac]: 1-ethyl-3-methylimidazolium acetate 
EMIM[Cl]: 1-ethyl-3-methylimidazolium chloride 
[EtNH3][NO3]: ethylammonium nitrate 
F: Loading force 
FTIR: Fourier transform infrared spectroscopy 
GID: Glancing-incidence asymmetric diffraction 
IL(s): ionic liquid(s) 
KBr: Potassium Bromide 
L: Original specimen length 
L’: average distance 
LiCl: Lithium chloride 
Mn: number average molecular weight 
Mw: weight average molecular weight 
MD: molecular dynamics 
MMT: Montmorillonites 
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NMMO: N-methylmorpholine-N-oxide 
NMP: N-methyl-2-pyrrolidine 
NMR: Nuclear magnetic resonance 
PCL: Polycaprolactone 
PCL-PDMS-PCL: Poly(ε-caprolactone)-block-Poly(dimethyl siloxane)-block-
Poly(ε-caprolactone) 
PDMS: poly (dimethyl siloxane) 
PE: Polyethylene 
PF: paraformaldehyde 
PFG-STE: pulsed field gradient stimulated echo diffusion measurements 
PP: Polypropylene 
PS: Polystyrene 
PVC: Poly(vinyl chloride) 
PVAL: Poly(vinyl alcohol) 
R: gas constant 
R2: coefficient of determination 
SAXS : Small-Angle X-ray Scattering 
SEM: scanning electron microscope 
TEM: Transmission electron microscopy 
TGA: thermogravimetric analyses 
TMS: Tetramethylsilane 
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VOCs: Volatile organic compounds 
ε-CL: ε-caprolactone 
k*(T): the cooling crystallization function 
kT: the Tobin crystallization rate 
m: the degree of polymerization 
m0: mass before degradation 
md: mass after degradation 
nT: the Tobin exponent 
n: the Avrami exponent 
Tc : crystallization temperature 
Tg: Glass transition temperature 
Tm: melting temperature 
Td: onset decomposition temperature 
Tm: equilibrium melting point of the blend 
Tm0: equilibrium melting point of the pure crystallisable component 
V2: volume fraction 
V1u: molar volume of the amorphous component 
V2u: molar volume of the repeating unit of the crystallisable component 
x: the cooling rate 
Xc: crystallinity of the crystallizable component in the blend films  
nX : the weight percentage of the crystallisable component in blend materials 
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X(T): the relative crystallinity 
X(t): the relative crystallinity as a function of time 
∆Hf: the heat of fusion per unit gram 
0
fH' : the perfect crystal heat of fusion of the crystallisable component 
∆H2u: heat of fusion per mole of repeating unit 
ο; Specimen displacement 
∆ν: frequency difference between the free carbonyl absorption and that of the 
hydrogen bonding species 
∆Th: Supercooling 
λ: scattering wavelength of Cu Ka radiation 
θ: scattering angle 
χ12: polymer-polymer interaction parameter 
 
